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ABSTRACT 
New generation micro/nano devices are emerging to monitor, control and act on living 
systems. Particularly, in the field of cryobiology, there is a need to monitor and control 
temperature at the cellular level. An important step towards achieving this aim is to fabricate a 
novel bulk nanostructured thermoelectric cooler (TEC). As a first step towards achieving 
efficient localized control of temperature in biological systems, Bismuth-telluride (Bi2Te3) and 
Antimony-Telluride (Sb2Te3) arrays of nanowires and nanotubes were fabricated, characterized 
and modeled.  
A thermal conductivity model originally developed by Dames and Chen for superlattice 
nanowires was extended to nanotubes. Based on this model thermal conductivity of Bi2Te3 and 
Sb2Te3 nanowire or nanotube is determined. Lumped parameter model was also used to 
determine the performance of a device composed of nanowires or nanotubes. The modeling 
results suggest that nanotubes would yield higher reduction in thermal conductivity compared 
to nanowires. 
Bi2Te3 and Sb2Te3 arrays of nanowires and nanotubes were electrodeposited into the 
nanochannels of the polycarbonate template as n-type and p-type thermoelectric leg elements 
of the bulk thermoelectric cooler, respectively. SEM, XRD and WDS were employed to 
characterize the fabricated Bi2Te3 and Sb2Te3 nanowire or nanotube arrays.  
A custom built device is developed to characterize the Seebeck coefficient of the 
electrodeposited nanowires or nanotubes. The Seebeck coefficient values of Sb2Te3 nanowire 
and nanotube arrays were found to be +359 µV K-1 and +332 µV K-1, respectively. The positive 
Seebeck coefficient values indicated that electrodeposited Sb2Te3 nanowires and nanotubes 
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were p-type. The Seebeck coefficient values of Bi2Te3 nanowire and nanotube arrays were 
found to be -118 µV K-1 and -143 µV K-1, respectively. The negative Seebeck coefficient values 
indicated that electrodeposited Bi2Te3 nanowire and nanotube arrays were n-type. The 
electrical resistance measurements confirmed that Bi2Te3 and Sb2Te3 nanowire or nanotube 
arrays resistance were semiconductors. 
A bulk nanostructured TEC is assembled using the best Bi2Te3 (n-type) and Sb2Te3 (p-
type) nanowire or nanotube arrays. The 𝑍𝑇 of the thus assembled device is determined by 
“Harmans Technique”. It is found that a combination of Bi2Te3 nanowires and Sb2Te3 nanotubes 
yielded highest 𝑍𝑇 of around 0.4 at room temperature. Results suggest that there is clearly a 
need to significantly improve the performance of the nanostructured bulk TEC to compete with 
commercially available vapor compression coolers. 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 MOTIVATION 
To fulfill the need of storage, banking and transport of biological systems, it is critical to 
measure and control highly localized temperature. Our group tried to address this temperature 
measurement and control problem by microfabricating novel class of instruments which take 
advantage of thermoelectric principles to measure temperature changes on the cellular level. 
The objective is to have individually addressable probes for temperature measurement and 
temperature modulation interspersed within an arrays of probes. As a first step towards 
achieving the proposition an array of micro thermocouples to monitor the sudden rise in 
temperatures within cells during the phase change processes, were fabricated, modeled and 
characterized by Cygan [1]. To modulate the temperature changes at cellular level an array of 
micro thermoelectric coolers were fabricated, modeled and characterized by Aparna [2]. 
However, the results presented by Aparna [2] suggested that there is a need to improve the 
thermoelectric efficiency of thermoelectric coolers to address the problem of localized control 
of temperature for biological systems. Theoretical predictions and results of few experimental 
studies by Dresselhaus and colleagues [3-7], have suggested that low dimensional materials 
(thin films, nanowires or nanotubes) increase the thermoelectric efficiency significantly when 
compared to their bulk counter parts. Based on such results, the motivation behind the present 
study was to make an attempt to model, fabricate and characterize a bulk thermoelectric cooler 
composed of nanostructured (nanowire or nanotube) composites and measure the 
thermoelectric efficiency of the prototype device at room temperature. 
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1.1.1 Approach 
The approach adopted to achieve the goal of measuring the thermoelectric 
performance of bulk thermoelectric cooler composed of nanostructures (nanowires or 
nanotubes) is as follows: 
 Optimize the electrolytes for the electrodeposition of best thermoelectric materials for 
near room temperature applications. 
 Estimation of thermal conductivity reduction (compared to bulk) of the nanowires or 
nanotubes by modeling. 
 Fabrication of thermoelectric material nanowires and nanotubes, within the pores of 
polycarbonate (PC) template. 
 Measuring the thermoelectric properties (electrical resistance and Seebeck coefficient) 
of the fabricated nanowires or nanotubes. 
 Predicting thermoelectric figure of merit (𝑍𝑇) of the bulk thermoelectric cooler 
composed of p-type and n-type nanowires or nanotubes by Harmans technique. 
1.2 THERMOELECTRIC PHENOMOLOGY 
Heat removal from size-confined microelectronic components due to the increase in 
heat dissipation per unit volume or the ability to control the temperature at the cellular level 
etc., promises to pave the way to many novel applications. To solve the complex problem of 
heat removal from either the microelectronic components or for any other refrigeration 
applications, there had been a renewed interest in thermoelectric energy conversion 
technologies. However, thermoelectric energy conversion technologies have different thermal 
requirements. It is inevitable to thoroughly understand the field of thermoelectricity in order to 
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create an ability to predict, manipulate novel class of heat removal devices. This section 
provides a brief review, of thermoelectric phenomology and thermoelectric coolers. 
Thermoelectricity is associated with the conversion of thermal energy to electrical 
energy using charge and heat transport in solid materials. A voltage is induced between the hot 
and cold junctions of two dissimilar materials and any increase in temperature difference would 
cause an increase in the voltage. A temperature difference along a material causes electrons 
near the hot junction to gain kinetic energy from the lattice, overcome the energy barrier 
between conduction band and Fermi energy and then deposit this energy at the cold junction. 
There were three important experimental observations in the field of thermoelectricity, the 
Seebeck effect (1821), Peltier effect (1834), and Thomson effect (1851), which are related to 
each other thermodynamically by Kelvin relations. 
1.2.1 Seebeck Effect 
 Thomas J. Seebeck discovered the Seebeck effect (Figure 1.1) in the early 1820’s. It 
states that, whenever a circuit composed of two dissimilar conductors is maintained at different 
temperatures with one end hot and the other cold a voltage can be observed in the circuit. At 
the hot end, electrons will, on the average, be excited to higher energies. The higher energy 
electrons at the hot end are able to lower their energy by diffusing to the cold end. A voltage is 
induced along the rod due to the difference in charges at the cold end and the hot end. The 
induced voltage causes an electrical current to flow, which is equal to the voltage divided by the 
electrical resistance of the rod. When the electrical current generated is equal to the flow of 
electrons due to the temperature difference, equilibrium is reached and the induced voltage is 
constant [8]. Referring to Figure 1.1, a schematic circuit of two dissimilar conductors, X and Y, 
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with junctions at temperatures T and To, the Seebeck coefficient ( S ) is defined as the ratio 
between the electric voltage (E ) and the temperature difference ( T ). It can be thought of 
coupling between the thermal and electrical currents in a material as given by equation 1.1 
                                                           TSE                                                                         (1.1)  
1.2.2 Peltier Effect 
Jean C. A. Peltier discovered the effect named after him in 1834 [9]. It states that when 
current is passed through a thermocouple junction, heat is absorbed or evolved, depending on 
the direction of the current. The rate at which heat is absorbed (or evolved) is proportional to 
the current, and depends on the nature of the two materials comprising the junction; 
                                                                      
𝑑𝑄
𝑑𝑇
= 𝜋𝐼                                                                        (1.2) 
 where 
𝑑𝑄
𝑑𝑇  
is the rate at which Peltier heat is absorbed or evolved at the junction, 𝜋 is the 
relative Peltier coefficient between conductors and 𝐼 is the current.  As shown in Figure 1.2 the 
electrical current flowing through the circuit of dissimilar conductors carries along the thermal 
current, the magnitude and direction of which depends on the Seebeck coefficients.            
Neither the Peltier nor the Seebeck effects depends on the nature of the junction between the 
two materials. The junction may be soldered, brazed, spot welded, or fused. The effects depend 
on the bulk materials and not junction properties [9]. 
1.2.3 Thomson Effect 
William Thomson (known later as Lord Kelvin) examined the effects of Seebeck and 
Peltier and derived a relation between the respective coefficients [10]. As shown in Figure 1.3 if 
an electrical current passes down the rod, from hot end to cold end, electrons flow from cold to 
hot; as they flow from the negative to the positive end of the rod. This increases their potential 
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Figure 1.1: Schematic of Seebeck Effect, Material X and Material Y are dissimilar 
conductors with junction temperatures at T and To.  
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Figure 1.2: Schematic of Peltier Effect, Material X and material Y are dissimilar 
conductors with junction temperatures at T and To, 
.
Q is the rate at which Peltier heat is 
absorbed or evolved 
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Figure 1.3: Schematic of Thomson Effect, temperature difference causes a voltage V 
and external current causes Joule heating J  
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energies by absorbing energy in the form of heat. If the current flow is reversed, electrons 
decrease their potential energy by emitting heat. The total absorption or evolution of heat 
includes the thermal gradient along the rod and the I2R power loss or Joule heat. The 
absorption or evolution of heat is called the Thomson effect. Since the Seebeck coefficient, a 
temperature dependent parameter varies along the sample, the sample can be thought of as a 
series of many small Peltier junctions, each of which is either absorbing or generating heat [10]. 
The Thomson coefficient   is defined as the ratio of power generated per unit volume in the 
sample to the applied current ( I ) and temperature gradient (T) (equation 1.3), 
                                                     volumeunitperevolvedPowerTI                                            (1.3) 
1.2.4 Thermodynamic Relations Between Coefficients (Kelvin Relations) 
The three parameters, which describe thermoelectric behavior, are the Seebeck 
coefficient, the Thomson coefficient, and the Peltier heat. These three quantities are not 
independent; the existence of thermodynamic relations between these three quantities is of 
great importance in the field of thermoelectricity. Thomson applied the first and second laws of 
thermodynamics to show that all the three parameters can be related by irreversible 
thermodynamics [10]. Only one independent parameter is needed to specify the other two. 
                       
dT
dS
T                                                                            
                                                                            ST  
Classical thermodynamics is not directly applicable to this problem, but the relationships have 
been proven experimentally and theoretically [8, 9]. The present research work is focused on 
cooling and it is necessary to understand the working principle of thermoelectric coolers. 
(1.4) 
(1.5) 
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1.3 THERMOELECTRIC COOLERS 
Thermoelectric coolers (TEC’s), also known as Peltier coolers are made of two legs, one 
of which is an n-type semiconductor with electrons (negatively charged) as majority mobile 
carriers, while the other leg is a p-type semiconductor with holes (positively charged) as 
majority mobile carriers. These legs are connected electrically in series and thermally in 
parallel. As depicted in the schematic diagram (Figure 2.4) when the current flows in the 
direction shown, the negatively-charged electrons in the n-type leg flow from the heat source 
towards heat sink of the device, while positively charged holes in the p-type leg also flow from 
the heat source towards the heat sink of the device. The junction at the top is cooled as the 
electrons and holes carry heat away from the junction at the top of the device towards the 
base. In the presence of an externally generated temperature gradient, the same TEC can be 
used to generate power. In this case, voltage is generated at the base due to the conduction of 
heat by the carriers, from the heated junction at the top towards the base. To reduce the effect 
of the Joule heating and to prevent the back-flow of the heat from the hot to cold junctions, 
materials with low electrical resistivity (i.e. high electrical conductivity) and low thermal 
conductivity are necessary.  
1.3.1 Advantages and Disadvantages of Thermoelectric Coolers 
TEC’s offer several advantages, which make them attractive for certain applications. 
TEC’s, are solid state devices that allow the direct conversion of heat to electricity and vice 
versa without the need for moving parts or fluids. Due to the absence of moving parts, TEC’s 
are silent, reliable and lightweight. TEC’s can be made small in size compared to compressor 
based refrigerators without the need of moving parts and are environmentally friendly without 
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the emission of harmful chlorofluorocarbons (CFCs). In TEC’s heat is carried by electric current 
so the response speeds are higher.  
Despite the numerous advantages of thermoelectric coolers, the usage of such devices 
is very limited so far due to its low efficiency. The efficiency of TEC’s is only about 1/3 to that of 
compressor based refrigerators. TEC’s also have relatively low cooling power density. The 
typical maximum cooling power density (cooling power per unit area) of commercially available 
TEC’s is below 10 W/cm2. The power density of existing high power microelectronic 
components is of the order of tens of W/cm2, and there is seriously a need to increase the 
maximum cooling power density of TEC’s. The efficiency of TEC’s is determined by a 
dimensionless parameter 𝑍𝑇, described in the next section. 
1.3.2 Thermoelectric Figure of Merit (ZT) 
After an optimization of the geometry of the thermo-element arms, the coefficients of 
the electrical and thermal properties of the materials can be combined in a single parameter 
called the thermoelectric figure of merit, 𝑍𝑇 [11]. This parameter 𝑍𝑇 is used to assess the 
usefulness of a thermoelectric material for use in thermoelectric devices. For a thermoelectric 
material a dimensionless figure of merit (𝑍𝑇) can be defined as  
                                                                       
k
TS
ZT

                                                                        (1.6) 
where S  is the Seebeck coefficient,   is the electrical conductivity and k  is the thermal 
conductivity. 
A principal aim of the research in thermoelectricity is to explore thermoelectric 
materials having a high value for the figure of merit over the temperature range of the  
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Cold (T) 
Hot (T+∆T) 
I 
e+ e- 
p-type n-type 
Figure 1.4: Schematic of Thermoelectric cooler (TEC), p-type and n-type 
semiconductors are connected at the top by black electrical contact.  
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Figure 1.5: Behavior of material parameters and ZT as a function of carrier 
concentration [low (Insulators), medium (semiconductors) and high (metals)   
Figure 1.6: Thermoelectric figure of merit (ZT) at 300 K versus year (Figure taken 
from [27]), thick line indicates ZT of unity.  
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application of the device. Good thermoelectric materials need to possess high Seebeck 
coefficient for enhanced thermoelectricity, low electrical resistivity to reduce Joule heating, and 
low thermal conductivity to sustain enhanced temperature differences. It turns out that the 
material parameters S ,   and k  are interdependent. Usually increase in Seebeck coefficient 
results in the decrease of electrical conductivity. Increase in electrical conductivity results in the 
increase of thermal conductivity due to increase in electronic thermal conductivity (Figure 1.5). 
The primary research focus to overcome the limitations of thermoelectric cooling is to find 
efficient thermoelectric materials. Due to the interdependent nature of thermoelectric material 
parameters it is always hard to find efficient thermoelectric materials. The following section 
briefly describes the research pursued over the years to find high ZT  thermoelectric materials. 
1.3.3 Thermoelectric Material Selection  
It is found in the past that the best thermoelectric materials are doped semiconductors 
with high atomic mass. The Seebeck coefficient of semiconductors is higher than metals and 
electrical conductivity can be tuned by doping process. The interest in semiconductors had 
motivated researchers to examine every known semiconducting material for potential use as a 
thermoelectric element [12]. Figure 2.6 {taken from [13]} shows a plot between thermoelectric 
figure of merit ( ZT ) at 300 K versus year. The plot shows that ZT  has improved very little over 
the past 4 decades. The best thermoelectric materials at room temperature, discovered in the 
1950s are bismuth telluride (Bi2Te3) and its alloys with Sb and Se (for refrigeration) and SiGe 
alloys at high temperature (for power generation). The key reason for such alloys being the best 
thermoelectric materials in the 1950s was its reduced thermal conductivity while maintaining 
good electrical conductivity. When an alloy is formed there is dramatic reduction in thermal 
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conductivity and it is very hard to reduce below this limit without creating defects, dislocations 
etc. This is the so called “alloy limit” for crystalline solids. Due to the alloy limit within the solids 
it was thought the ZT  of unity as barrier. For almost 4 decades ZT  could not be increased 
beyond unity. 
In 1993, Hicks and Dresselhaus [5, 14, 15] proposed that the power factor 𝑆2𝜎, can be 
enhanced by using quantum confinement effects in low dimensional materials, such as 
superlattices and nanowires. These propositions led to resurgence in the field of 
thermoelectricity. Researchers started exploring low dimensional materials for thermoelectric 
applications. The next section describes the motivation and basic physics for ZT  enhancement 
within the low dimensional materials. 
1.4 LOW DIMENSIONAL MATERIALS  
One approach of increasing ZT is the use of low dimensional materials of the order of 
nanometers. Despite the fact that low dimensional materials are made of same atomic 
structures as their parent material, they can be considered as new materials. The states in the 
bands and their dependence on energy are described by density of states. Low dimensional 
materials yield higher ZT compared to that of bulk materials due to its enhanced electronic 
density of states near the Fermi level [16]. The electronic density of states D(E) is proportional 
to E1/2, E0, E-1/2 for 3-Dimensional (3D) bulk materials, 2- Dimensional (2D) quantum wells, and 
1- Dimensional (1D) nanowires, respectively. As shown in Figure 1.7 the density of states can be 
manipulated with respect to Fermi energy and enhanced in 2D quantum wells as well as in 1D 
nanowires compared to 3D bulk. Therefore, it can be hoped to increase Seebeck coefficient 
without decreasing electrical conductivity and vice versa, in low dimensional systems, resulting  
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Figure 1.8: Figure of merit (ZT) of different thermoelectric materials used for either 
refrigeration or power generation, (a) n-type materials and (b) p-type materials (Figure taken 
from the published work of Snyder and Toberer [17]). 
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Figure 1.7: The electronic density of states of (a) 3-dimensional bulk, (b) 2-
dimensional quantum wells and (c) 1-dimensional quantum wires.  
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in higher power factor (𝑆2𝜎). Another favorable effect associated with low dimensional 
materials is that phonon boundary scattering rate may increase as the size becomes smaller or 
comparable to the phonon mean free path, leading to greater reduction of phonon thermal 
conductivity. Further reduction of phonon thermal conductivity may come from the 
modification of the phonon dispersion relation due to additional quantum size effect [18, 19].  
An improved ZT has been reported in thin film super lattices and nanostructured bulk 
alloys [7, 20-22]. Very high 𝑍𝑇 values have also been predicted in Bismuth nanowires [23] and 
semiconductor nanowires [24]. Enhancement in transport properties have been reported for 
the experimentally synthesized nanowire materials [25-30]. The next section describes the 
thermal transport within low dimensional materials compared to those bulk materials.  
1.4.1 Thermal Transport  
In bulk materials, heat is transported either by phonons or charge carriers such as 
electrons and holes. The electronic contribution to thermal conductivity is the reason that 
metals are good electrical conductors. At low temperatures boundary scattering is dominant, 
and the measured thermal conductivity may depend on the size of the sample. As the 
temperature increases defect scattering becomes dominant as the phonon wavelength 
decreases and becomes comparable to the size of the defects.  This type of temperature 
dependence is typical for a single crystal semiconductor. For alloys, or materials with a large 
number of defects, defect scattering may dominate over much of the temperature range.  
Heat transport in low dimensional materials is different from the transport in bulk 
materials. As the size of the structure decreases, its surface to volume ratio increases, 
increasing the boundary and interface scattering. There are theoretical models which were 
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developed to explain the reduction in thermal conductivity in low dimensional materials. One 
group of models treats phonons as incoherent particles and considers interface scattering as a 
classical size effect [31]. The classical size effect models assume that interface scattering is 
partially specular and partially diffuse. The other group of models treats phonons as totally 
coherent and wave effects are taken into account. These phonon physics are not captured by 
the conventional Fourier theory for heat conduction. The particle view of phonons admitting 
ballistic effects are employed by ‘Boltzmann Transport Equations’ [32, 33]. Wave physics are 
admitted by the ‘Lattice-Dynamical Equations’ [34] which are far more computationally 
expensive. Recently, computationally inexpensive models based on Matheissen’s type 
simplification had been proposed for low dimensional systems [35, 36]. 
1.5 LITERATURE REVIEW  
The bulk materials which have received the most attention for near room temperature 
thermoelectric applications are alloys of bismuth-telluride (Bi2Te3) and antimony-telluride 
(Sb2Te3) [17]. As shown in Figure 1.8, between a temperature range of 0-200 
oC, Bi2Te3 is an n-
type material with the highest 𝑍𝑇 and Sb2Te3 is a p-type material with highest 𝑍𝑇 among all the 
existing state-of the art commercial thermoelectric materials. Both the materials are in lamellar 
form and extreme care must be taken during fabrication as they have tendency to delaminate 
[37, 38]. Regardless of the application, the usefulness and the properties of Bi2Te3 and Sb2Te3 
devices depend critically on the quality of growth. Fabrication processes affect the essential 
figure of merit. So, choosing the right process to suit the required performance and fabrication 
is necessary. This section will be focused on literature review of the studies, dealt with Bi2Te3 
and Sb2Te3 thin films and thermoelectric devices based on such films.  
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1.5.1 Bismuth-Telluride (Bi2Te3) Films 
Alloys of bismuth telluride (Bi2Te3), and its solid state films have been fabricated by 
variety of methods such as sputtering [39-41], chemical vapor deposition (CVD) [6, 42], 
molecular beam epitaxy (MBE) [43, 44], aqueous chemical synthesis [45], pulsed laser 
deposition [46], and evaporation [47]. Although variety of methods have been employed for 
thin films fabrication, electrodeposition technique is a low cost method which offers high-
quality metal, alloy, and semiconductor films and makes it possible to control the particle 
growth rate via changing concentration of the electrolyte, current density, and applied 
potential. It is possible to modify the common carrier of Bi-Te alloy without the addition of any 
doping agents to give either n-type or p-type semiconductor material [48]. The n-type or p-type 
semiconductor can be achieved by adjusting the percentage of tellurium or bismuth; tellurium 
rich gives n-type, bismuth rich gives p-type, wherein Bi-Te with a stoichiometric composition 
ratio of Bi2Te3 is electrically neutral. Electrodeposition technique had been previously employed 
to fabricate Bi2Te3 thin films. 
Takahashi et al. [49, 50] were one of the early ones to perform electrodeposition of Bi-
Te alloy films on Ti sheets at various concentrations of aqueous solutions of TeO2 and Bi(NO3)3. 
Bi-Te alloy film formation was confirmed by X-ray diffraction measurements. They determined a 
correlation between the deposition conditions and the composition of the films. Later, Magri et 
al. [51] electrodeposited high carrier concentration bismuth telluride alloy films of uniform 
thickness from a solution containing Bi3+ and HTe02
+ ions in 1 mol dm-3 nitric acid (pH=0) on 
stainless steel. They determined the electrical properties of the electrodeposited films and have 
shown that deposited films show n-type semiconducting behavior. However, Magri et al. [51] 
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never studied the Seebeck coefficient of the deposited Bi2Te3 thin films. Miyazaki and Kajitani 
[52] were one of the early ones to study the effect of cathodic potentials on the 
semiconductivity type of Bi2Te3 films and determine the Seebeck coefficient. They 
electrochemically deposited bismuth telluride films from solutions of Bi2O3 and TeO2 in diluted 
HNO3 (pH = 0.50) onto Ti sheet working electrodes at 293K. They observed that the orientation 
of the deposited films had changed with the deposition potential. They found that Bi2Te3 films 
prepared at E < +20mV show p-type conduction, while those prepared at +20 ≤ E ≤ +80mV 
showed n-type conduction. The largest Seebeck coefficient of S = -63 µV/K was observed for the 
film deposited at E = +20 mV.  
The first detailed insight into the electrodeposition of Bi2Te3 was performed by Martin-
Gonzalez et al. [53]. They investigated the processes associated with the electrodeposition of 
bismuth telluride Bi2Te3 films. Composition and crystallinity of Bi2Te3 films as a function of  
applied potential in a nitric acid bath containing Bi3+ and HTeO2
+ was analyzed. The change in 
behavior of the Bi2Te3 film deposits with compositional changes reported by Martin-Gonzalez et 
al. [53] matched up well with the study by Miyazaki and Kajitani [52], even though the potential 
range reported for the specific Bi2Te3 composition was not similar. Tittes et al. [54] 
electrodeposited Bi2Te3 thick films by using a bath containing Bi2O3 and TeO2 in nitric acid. They 
confirmed the n-type semiconducting behavior of Bi2Te3 films by Hall-effect measurements. 
Takahashi et al. [55, 56] investigated the relationships between the deposition potential, the 
electric properties and the thermoelectric properties of Bi2Te3 films electrodeposited from a 
solution containing 1 mM TeO2 and 0.86 mM Bi-EDTA complex. Most of the aforementioned 
studies were focused on analyzing the relationship between composition or microstructure of 
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Bi2Te3 thin films deposited on a substrate and determined the effect of deposition conditions 
such as pH, applied potential and electrolyte composition. Yoo et al. [57] investigated the effect 
of applied potential, electrical and thermoelectrical properties on the electrodeposition of 
Bi2Te3 films deposited on a Bi2Te3/SiO2/Si substrate. By using sputtered Bi2Te3 seed layer on the 
substrate, lattice mismatch between the substrate and deposit had been minimized to reduce 
defect formations.  
1.5.2 Antimony-Telluride (Sb2Te3) Films 
Alloys of antimony telluride (Sb2Te3) and its solid state films have been fabricated by a 
variety of methods, including Electrochemical atomic layer epitaxy (ECALE) [58-61], metal 
organic chemical vapor deposition (MOCVD) [62, 63], molecular beam epitaxy (MBE) [64], 
sputtering [65, 66], evaporation [67-73]. However, an inexpensive and simple way of 
electrodeposition was employed for the first time by Leiumkuhler et al. [74], to deposit 
polycrystalline Sb2Te3 films onto different conductive oxides (TCO), CdTe and Mo substrates. 
They investigated the influence of pH, temperature, deposition potential and bath composition. 
Later, Huang et al. [75] reported a study focused on the electrodeposition of amorphous SbTe 
phase change alloys at room temperature. They also observed that the amorphous deposits 
crystallized into Sb2Te3 at 120
oC.                        
1.5.3 Thermoelectric Devices Based on Thin Films 
Micro-sized thermoelectric cooling devices with efficient cooling capacities may address 
the issue of thermal management in submicron devices. Overheating may degrade the device 
performance and reliability significantly. Bi2Te3 and Sb2Te3 both belong to layered 
semiconductors and possess rhombohedral tetradymite structure (space group of R3M). They 
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are widely used low temperature thermoelectric materials [76]. Boyer et al. [77] showed the 
feasibility of fabricating a temperature sensor whose active components are Bi2Te3 and Sb2Te3 
films deposited by MBE. Zou et al. [73] have grown p-type Sb2Te3 and n-type Bi2Te3 thin films by 
co-evaporation. Based on the measurements of Seebeck coefficient and electrical conductivity 
they have concluded that p-type Sb2Te3 thin films are better than p-type Bi2Te3 thin films. The 
results indicate that n-type Bi2Te3 and p-type Sb2Te3 are promising candidate materials for use 
in the fabrication of micro thermoelectric coolers. Venkatasubramanian et al. [7, 78] reported a 
net cooling of 32 K for a p-type Bi2Te3/Sb2Te3 superlattice device for which the thermoelectric 
figure of merit ZT is 2.4 at room temperature. 
Zou et al. [47] fabricated a thermocouple, composed of n-type Bi2Te3 and p-type Sb2Te3 
thin films deposited using co-evaporation. They reported a temperature difference of 15.5 K 
between the hot end and cold end for a current of 55 mA. The dimensionless thermoelectric 
figure of merit was approximately 0.3 at room temperature. Snyder et al. [79] demonstrated 
cooling within a fabricated thermoelectric microdevice containing 126 n-type and p-type (Bi, 
Sb)2 Te3 thermoelectric elements, 20 µm tall and 60 µm in diameter with bridging metal 
interconnects. They found that the average temperature drop was 2 K for the optimal applied 
current of 110 mA and average resistance of 0.26 Ω per couple. Bottner et al. [39] fabricated a 
column type micro-sized thermoelectric cooler composed of n-type Bi2Te3 and p-type (Bi, Sb)2 
Te3 materials. The 20 µm thick materials were deposited by co-sputtering and microcooler was 
developed by two-wafer process, wherein n-type and p-type materials are deposited on 
separate wafers, patterned and then soldered together. They reported a maximum power 
factor of 1.14 mW/K2-m and 2.24 mW/K2-m for n-type films and p-type films, respectively. They 
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also calculated the net cooling in the presence of different p-n junctions. For a 3-p-n junction 
they reported a net cooling of 11 K (at 60 oC) for a current of ~800 mA. Da Silva et al. [80] 
fabricated micro-thermoelectric (TE) cooler with 60-TE pairs composed of n-type Bi2Te3 and p-
type Sb2Te3 columns (4.5 µm tall and 40 µm in diameter). The films (n-type and p-type columns) 
were deposited by co-evaporation. They found that the resistance of the cooling device to be 
51 Ω and by the aid of thermal imaging predicted an average cooling performance of 1.3 ± 0.5 
K. Recently, Gross et al. [81] designed, fabricated and tested an optimized 6-stage planar TE 
cooler utilizing Bi2Te3 and Sb2Te3 thin films. They achieved temperature differentials of the 
order ~20 K requiring a power input of ~26 mW. 
1.6 OVERVIEW OF DISSERTATION 
This doctoral dissertation is organized into chapters; each chapter is focused on an 
objective to achieve the goal of the research. The aim and end objective of each chapter is 
summarized below. 
 CHAPTER 1, presents the motivation behind the research and an outline of the approach 
adopted to reach the objective. In Chapter 1, a brief background about thermoelectric 
effects and low dimensional materials is presented. Literature review on the thin films 
and thermoelectric devices fabricated using thin films, composed of best thermoelectric 
materials for near room temperature applications is also presented. 
 CHAPTER 2, presents the modeling results obtained for thermal conductivity reduction 
within nanowires or nanotubes, compared to their corresponding bulk counter parts. 
The thermal conductivity model employing a Mathiessen’s type simplification originally 
developed by Dames and Chen had been extended to nanotubes. Based on few 
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approximations to the superlattice thermal conductivity model, thermal conductivity 
reduction for individual homogenous thermoelectric materials is presented. The 
performance of a thermoelectric cooler composed of nanowires or nanotubes had been 
estimated based on lumped parameter model. Some contents presented in Chapter 2 
had been published in, D.Pinisetty and R.V. Devireddy, Acta Materialia, Vol 58, 2010, 
570-576. It has been reproduced in the present dissertation by permission of Elsevier 
Limited. 
 CHAPTER 3, presents the background of electrochemistry. Rota-Hull cell studies 
performed to determine the composition of electrolyte to obtain the desired material is 
discussed. The results on the electrodeposition and characterization (morphology, 
composition and crystal structure) of nanowires or nanotubes made of thermoelectric 
materials are presented. Some contents presented in Chapter 3 had been published in, 
1) D.Pinisetty and R.V. Devireddy, Acta Materialia, Vol 59, 2011, 2455-2461 and 2) D. 
Pinisetty et al., J. Mater. Chem.., 2011, doi:10.1039/C0JM01969K. It has been 
reproduced in the present dissertation by permission of Elsevier Limited and Royal 
Society of Chemistry. 
 CHAPTER 4, presents the description on the device fabricated for the measurement of 
Seebeck coefficient. The measurements obtained from the custom built device had 
been validated by measuring standard samples and comparing their results with those 
presented in literature. Thermoelectric properties (electrical resistance and Seebeck 
coefficient) of the electrodeposited nanowires or nanotubes are measured. Electrical 
resistance measurements performed on nanowires or nanotubes confirms the type of 
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the material (metal or insulator or semiconductor). The carrier type (p-type or n-type) of 
the material is decided based on the Seebeck coefficient measurements. Some contents 
presented in Chapter 3 had been published in, 1) D.Pinisetty and R.V. Devireddy, Acta 
Materialia, Vol 59, 2011, 2455-2461 2) D. Pinisetty et al., J. Mater. Chem.., 2011, 
doi:10.1039/C0JM01969K and 3) D. Pinisetty et al., J. Nanotechnol. Med. Eng. Vol 2, 
2011, 011006 (5 pages). It has been reproduced in the present dissertation by 
permission of Elsevier Limited, Royal Society of Chemistry and ASME. 
 CHAPTER 5, presents the fabrication of bulk thermoelectric cooler by assembling the 
best n-type and p-type nanowires or nanotubes. The 𝑍𝑇 measurements obtained by 
using “Harmans technique”, of the thus assembled device are also presented. 
 CHAPTER 6, presents a brief discussion on the conclusions of the research work and 
provide few recommendations for the future work.      
1.7 REFERENCES 
1. Cygan, A., Modeling and Fabrication of a Microthermocouple Array, in Mechanical 
Engineering. 2006, Louisiana State University: Baton Rouge. 
 
2. Prabhakar, A., Modeling, Fabrication and Characterization of a Bio-Micro-Thermoelectric 
Device for Highly Localized Temperature Control, in Mechanical Engineering. 2006, 
Louisiana State University: Baton Rouge. 
 
3. Dresselhaus M. S., D.G., Sun X., Zhang Z., Cronin S. B., and Koga T., Low-dimensional 
thermoelectric materials. Physics of the Solid State, 1999. 41: p. 679 – 682. 
 
4. Dresselhaus, M.S., Lin, Y.-M., Cronin, S. B., Rabin, O., Black. M. R., Dresselhaus, G., and 
Koga, T., Quantum Wells and Quantum Wires for Potential Thermoelectric Applications. 
Semiconductors and Semimetals, 2001. 71: p. 1 - 121. 
 
5. Hicks, L.D., and Dresselhaus, M. S.,, Thermoelectric figure of merit of a one-dimensional 
conductor. Physical Review B, 1993. 47: p. 16631 – 16634. 
 
23 
 
6. Venkatasubramanian, R., Colpitts, T., Watko, E., Lamvik, M., and El-Masry, N., MOCVD of 
Bi2Te3, Sb2Te3 and their superlattice structures for thin-film thermoelectric applications. 
Journal of Crystal Growth, 1997. 170(1-4): p. 817-821. 
 
7. Venkatasubramanian, R., Siivola, E., Colpitts, T., and O'Quinn, B., Thin-film 
thermoelectric devices with high room-temperature figures of merit. Nature, 2001. 
413(11): p. 597-602. 
 
8. Seebeck, T.J., Ueber den Magnetismus der galvanischen Kette, in Abhandlungen 
Königlich Akademi Wissenschaften. 1821: Berlin. p. 289-346. 
 
9. Peltier, J.C., Nouvelles expériences sur la caloricité des courants électriques. Annual 
Review Of Physical Chemistry, 1834. 56: p. 371-386. 
 
10. Thomson, W., An account of Carnot's theory of the motive power of heat. Proceedings of 
Royal Society Edinburgh, 1849. 16: p. 541-574. 
 
11. Rowe, D.M., CRC Handbook of Thermoelectrics. 1996, London: CRC Press. 
 
12. Ioffe, A.F., Semiconductors Thermoelements and Thermoelectric Cooling. 1957, London: 
Infosearch Limited. 
 
13. Majumdar, A., Materials Science: Enhanced Thermoelectricity in Semiconductor 
Nanostructures. Science, 2004. 303(5659): p. 777-778. 
14. Hicks, L.D., and Dresselhaus, M. S., Effect of quantum-well structures on the 
thermoelectric figure of merit. Physical Review B, 1993. 47: p. 12727 – 12731. 
 
15. Hicks, L.D., Harman, T. C., and Dresselhaus, M. S., Use of quantum-well superlattices to 
obtain a high figure of merit from nonconventional thermoelectric materials. Applied 
Physics Letters, 1993. 63: p. 3230-3232. 
 
16. Chen, G. and A. Shakouri, Heat Transfer in Nanostructures for Solid-State Energy 
Conversion. J. of Heat Transfer, 2002. 124(2): p. 242-252. 
 
17. Snyder, G.J. and E.S. Toberer, Complex Thermoelectric Materials. Nature Materials, 
2008. 7: p. 105-114. 
 
18. Balandin, A. and K.L. Wang, Significant Decrease of the Lattice Thermal Conductivity Due 
To Phonon Confinement in a Free-Standing Semiconductor Quantum Well. Phys. Rev. B, 
1998. 58(3): p. 1544-1549. 
 
19. Chen, G., Phonon Heat Conduction in Nanostructures. Int. J. Therm. Sci., 2000. 39(4): p. 
471-480. 
 
24 
 
20. Harman, T.C., et al., Quantum Dot Superlattice Thermoelectric Materials and Devices. 
Science, 2002. 297(5590): p. 2229-2232. 
 
21. Hsu, F.K., et al., Cubic AgPbmSbTe2_m: Bulk Thermoelectric Materials with High Figure 
of Merit. Science, 2004. 303: p. 818-821. 
 
22. Poudel, B., et al., High Thermoelectric Performance of Nanostructured Bismuth Antimony 
Telluride Bulk Alloys. Science, 2008. 320: p. 634-638. 
 
23. Lin, Y.M., Sun, X., and Dresselhaus, M. S., Theoretical investigation of thermoelectric 
transport properties of cylindrical Bi nanowires. Physical Review B, 2000a. 62: p. 4610-
4623. 
 
24. Mingo, N., Thermoelectric Figure of Merit and Maximum Power Factor in III-IV 
Semiconductor Nanowires. App. Phys. Lett., 2004. 84(14): p. 2652-2654. 
 
25. Heremans, J., Thrush, C. M., Lin, Y. M., Cronin, S., Zhang, Z., Dresselhaus, M. S., 
Mansfield, J. F., Bismuth nanowires: Synthesis and galvanomagnetic properties. Physical 
Review B, 2000. 61(4): p. 2921-2930. 
 
26. Heremans, J. and C.M. Thrush, Thermoelectric Power of Bismuth Nanowires. Phys. Rev. 
B, 1999. 59: p. 12579-12583. 
 
27. Heremans, J.P., et al., Thermoelectric Power of Bismuth Nanocomposite. Phys. Rev. Lett., 
2002. 88: p. 216801(1-4). 
 
28. Li, D., et al., Measurements of Bi2Te3 Nanowire Thermal Conductivity and Seebeck 
Coefficient, in Proc. 21st Intl. Conf. Thermoelectrics. 2002. 
 
29. Lin, Y.M., Cronin, S. B., Ying, J. Y., Dresselhaus, M. S., and J. P. Heremans, Transport 
properties of Bi nanowire arrays. Applied Physics Letters, 2000b. 76: p. 3944-3946. 
 
30. Lin, Y.M., et al., Transport Properties of Bi1-xSbx Alloy Nanowires Synthesized by 
Pressure Injection. App. Phys. Lett., 2001. 79: p. 677-679. 
 
31. Chen, G., Size and Interface Effects on Heat Conduction in Superlattices. Journal of Heat 
Transfer, 1997. 119: p. 220-229. 
 
32. Majumdar, A., Microscale heat conduction in dielectric thin films. Journal of Heat 
Transfer, 1993. 115: p. 7-16. 
 
33. Majumdar, A., and Joshi, A., Transient ballistic and diffusive phonon heat transport in 
thin films. Journal of Applied Physics, 1993. 74: p. 31-39. 
 
25 
 
34. Volz, S.G., and Chen, G., Molecular-dynamics simulation of thermal conductivity of 
silicon crystals. Physical Review B, 2000. 61(4): p. 2651-2656. 
 
35. Dames, C., and Chen, G., Theoretical phonon thermal conductivity of Si/Ge superlattice 
nanowires. Journal of Applied Physics, 2004. 95(2): p. 682-693. 
 
36. Pinisetty, D. and R.V. Devireddy, Thermal Conductivity of semiconductor (bismuth-
telluride) and semimetal (antimony) superlattice nanostructures. Acta Mat. , 2010. 58(2): 
p. 570-576. 
 
37. Madelung, O., U. Rössler, and M. Schulz, Antimony telluride (Sb2Te3) crystal structure, 
chemical bond, lattice parameters (including data for Bi2Se3, Bi2Te3). in Landolt-
Börnstein - Group III Condensed Matter, SpringerMaterials. p. DOI: 
10.1007/10681727_1050. 
 
38. Teweldebrhan, D., et al., Atomically-thin crystalline films and ribbons of bismuth 
telluride. App. Phys. Lett., 2010. 96: p. 053107(1-3). 
 
39. Bottner, H., Nurnus, J., Gavrikov, A., Kuhner, G., Jagle, M., Kunzel, C., Eberhard, D., 
Plescher, G., Schubert, A., and Schlereth, K. H., New Thermoelectric Components Using 
Microsystem Technologies. Journal of Microelectromechanical Systems, 2004. 13(3): p. 
414-420. 
 
40. Mc. Culley, M.J., Neudeck, G. W., and Liedl, G. L., Electrical Properties of rf Sputtered 
Bismuth Telluride Thin Films. Journal of Vaccuum Science and Technology, 1973. 10(2): 
p. 391-392. 
 
41. Noro, H., Sato, K., and Kagechika, H., The thermoelectric properties and crystallography 
of Bi-Sb-Te-Se thin films grown by ion beam sputtering. Journal of Applied Physics, 1993. 
73(3): p. 1252-1260. 
 
42. Boulouz, A., Giani, A., Pascal-Delannoy, F., Foucaran, A., and Boyer, A., Bi2Te3 thin films 
grown by MOCVD process, in 16th International Conference on Thermoelectrics. 1997. p. 
167-170. 
 
43. Boyer, A., and Cisse, E., Properties of thin film thermoelectric materials: application to 
sensors using the Seebeck effect. Materials Science and Engineering B, 1992. 13: p. 103-
111. 
 
44. Charles, E., Groubert, E., and Boyer, A., Structural and electrical properties of bismuth 
telluride films grown by the molecular beam technique. Journal of Material Science 
Letters, 1988. 7: p. 575-578. 
 
26 
 
45. Scidone, L., et al., Electroless Method for Bi2Te3 Film Deposition. Materials Letters, 
2005. 59: p. 746-748. 
 
46. Dauscher, A., A. Thomy, and H. Scherrer, Pulsed Laser Deposition of Bi2Te3 Thin Films. 
Thin Solid Films, 1996. 280: p. 61-66. 
 
47. Zou, H., Rowe, D. M., Williams, S. G. K., Peltier effect in a co-evaporated Sb2Te3(P)-
Bi2Te3(N) thin film thermocouple. Thin Solid Films, 2002. 408(1): p. 270-274. 
 
48. Yim, M.M., and Rosi, F. D., Compound tellurides and their alloys for peltier cooling a 
review. Solid State Electron 1972. 15: p. 1121-1134. 
 
49. Takahashi, M., Oda, Y., Ogino, T., and Furuta, S., Electrodeposition of Bi-Te Alloy Films. 
Journal of Electrochemical Society, 1993. 140(9): p. 2550-2553. 
 
50. Takahashi, M., Katou, Y., Katsunori, N., and Shinsaku, F., The composition and 
conductivity of electrodeposited Bi-Te alloy films. Thin Solid Films, 1994. 240(1-2): p. 70-
72. 
 
51. Magri, P., Boulanger, C., and Marie Lecuire, J., Synthesis, properties and performances of 
electrodeposited bismuth telluride films. Journal of Materials Chemistry, 1996. 6(5): p. 
773-779. 
 
52. Miyazaki, Y., and Kajitani, T., Preparation of Bi2Te3 films by electrodeposition. Journal of 
Crystal Growth, 2001. 229(1): p. 542-546. 
 
53. Martin-Gonzalez, M.S., Prieto, A. L., Gronsky, R., Sands, T., and Stacy, A. M., Insights into 
the Electrodeposition of Bi2Te3. Journal of the Electrochemical Society, 2002. 149(11): p. 
C546-C554. 
 
54. Tittes, K., Bund, A., Plieth, W., Bentien, A., Paschen, S., Plotner, M., Grafe, H., and 
Fischer, W. J., Electrochemical Deposition of Bi2Te3 for Thermoelectric Microdevices. J. 
Solid State Electrochem, 2003. 7: p. 714-723. 
 
55. Takahashi, M., et al., Electric and Thermoelectric Properties of Electrodeposited Bismuth 
Telluride (Bi2Te3) Films. J. App. Phys., 2004. 96(10): p. 5582-5587. 
 
56. Takahashi, M., et al., Preparation of Bi2Te3 Films by Electrodeposition from Solution 
containing Bi-Ethylenediaminetetraacetic Acid Complex and TeO2. J. Electrochem. Soc., 
2003. 150(3): p. C169-C174. 
 
57. Yoo, B.Y., Huang, C. K., Lim, J. R., Herman, J., Ryan, M. A., Fleurial, J. P., and Myung, N. 
V., Electrochemically deposited thermoelectric n-type Bi2Te3 thin films. Electrochimica 
Acta, 2005. 50: p. 4371-4377. 
27 
 
 
58. Venkatasamy, V., et al., ALD Approach toward Electrodeposition of Sb2Te3 for Phase-
Change Memory Applications. Journal of the Electrochemical Society, 2008. 155(11): p. 
D693-698. 
 
59. Yang, J., et al., Formation and Characterization of Sb2Te3 Nanofilms on Pt by 
Electrochemical Atomic Layer Epitaxy. J. Physical Chemistry, 2006. 110: p. 4599-4604. 
 
60. Yang, J.Y., et al., Electrocehmical Aspects of Depositing Sb2Te3 Compound on Au 
Substrate by ECALE. Electrochimica Acta, 2007. 52: p. 3035-3039. 
 
61. Zhu, W., et al., Development of Growth Cycle for Antimony Telluride Film on Au (111) 
Disk by Electrochemical Atomic Layer Epitaxy. Electrochimica Acta, 2008. 53: p. 3579-
3586. 
 
62. Giani, A., et al., Electrical and Thermoelectrical Properties of Sb2Te3 Prepared by the 
Metal-Organic Chemical Vapor Deposition Technique. Journal of Materials Science 
Letters, 1999. 18: p. 541-543. 
 
63. Kim, J.H., et al., MOCVD of Bi2Te3 and Sb2Te3 on GaAs Substrates for Thin Films 
Thermoelectric Applications. J. Nanosci. Nanotech., 2006. 6: p. 3325-3328. 
 
64. Kim, Y., et al., Structural and Thermoelectric Transport Properties of Sb2Te3 thin films 
grown by Molecular Beam Epitaxy. Journal of Applied Physics, 2002. 91(2): p. 715-718. 
 
65. Fan, P., et al., Acta Phys. Sinica, 2010. 59: p. 1243-1247. 
 
66. Kandasamy, S., et al., Thermoelectric Properties of Antimony Telluride Thin Films 
Deposited using R.F. Magnetron Sputtering. Chiang Mai J. Sci., 2005. 32(3): p. 459-464. 
 
67. da Silva, L.W., M. Kaviany, and C. Uher, Thermoelectric Performance of Films in Bismuth-
Tellurium and Antimony-Tellurium Systems J. App. Phys., 2005. 97: p. 114903 (1-10). 
 
68. Huang, B., et al., Low-temperature Characterization and Micropatterning of 
Coevaporated Bi2Te3 and Sb2Te3 Films. J. App. Phys., 2008. 104: p. 113710 (1-8). 
 
69. Patel, N.G. and P.G. Patel, Electrical Properties of Polycrystalline Sb2Te3 Films. Journal of 
Materials Science, 1991. 26: p. 2543-2546. 
 
70. Patel, T.C. and P.G. Patel, Optimization of Growth Conditions for Sb2Te3 Films. Mat. 
Lett., 1984. 3(1-2): p. 46-50. 
 
71. Rajasekar, K., et al., Structural and Optical Properties of Thermally Evaporated Antimony 
Telluride Thin Films. Ionics, 2004. 10: p. 291-294. 
28 
 
 
72. Rawat, R.S., et al., Effect of argon ion irradiation on Sb2Te3 films in a dense plasma focus 
device Mat. Res. Bull., 2000. 35(3): p. 477-486. 
 
73. Zou, H., D.M. Rowe, and M. Gao, Preparation and Characterization of p-type Sb2Te3 and 
n-type Bi2Te3 Thin Films Grown by Coevaporation. J. Vac. Sci. Technol. A, 2001. 19(3): p. 
899-903. 
 
74. Leimkuhler, G., I. Kerkamm, and R. Reineke-Koch, Electrodeposition of Antimony 
Telluride. Journal of the Electrochemical Society, 2002. 149(10): p. C474-C478. 
 
75. Huang, Q., A.J. Kellock, and S. Raoux, Electrodeposition of SbTe Phase-Change Alloys. 
Journal of the Electrochemical Society, 2008. 155(2): p. D104-D109. 
 
76. Rowe, D.M. and C.M. Bhandari, eds. Modern Thermoelectrics. 1983, Prentice Hall: 
Reston, VA. 104. 
 
77. Boyer, A., et al., Narrow Band-Gap Semiconductor-based Thermal Sensors. Sensors and 
Actuators A, 1991. 25-27: p. 637-640. 
 
78. Venkatasubramanian, R., et al., Thin-Film Thermoelectric Devices with High Room-
Temperature Figures of Merit. Nature, 2001. 413: p. 597-602. 
79. Snyder, G.J., Lim, J. R., Huang, C., and Fleurial, J., Thermoelectric microdevice fabricated 
by a MEMS-like electrochemical process. Nature Materials, 2003. 2: p. 528-531. 
 
80. da Silva, L.W., and Kaviany, M., Fabrication and Measured Performance of a First-
Generation Microthermoelectric Cooler. J. Microelectromechanical Systems, 2005. 14(5): 
p. 1110-1117. 
 
81. Gross, A., et al. High-Performance Microscale Thermoelectric Cooler: An Optimized 6-
Stage Cooler. in IEEE Transducers. 2009. Denver, CO, USA. 
 
 
29 
 
CHAPTER 2 
MODELING OF THERMAL CONDUCTIVITY OF NANOWIRES OR 
NANOTUBES* 
 
2.1 INTRODUCTION 
Thermoelectric cooling devices, although longer lasting and cheaper to build than 
traditional vapor compression devices, are not widely used due to their low efficiency.  
However, recent evidence that thermal phenomena in low dimensional structures varies quite 
significantly from bulk materials has renewed interest in the development of thermoelectric 
(TE) cooling devices [1]. The efficiency of TE devices is estimated based on the thermoelectric 
figure of merit (ZT). The ZT is defined as 𝑍𝑇 = 𝑆2𝜎𝑇/ĸ, where 𝑇, 𝑆, 𝜎, ĸ are the absolute 
temperature, Seebeck coefficient, electrical conductivity and thermal conductivity [2-4]. 
Many experimental and theoretical studies [5-32] have investigated the thermal 
conductivity of nanomaterials and predicted an increase in the figure of merit (ZT) in nano-sized 
superlattices over bulk materials. For example, it has been shown that the inherent presence of 
layering in superlattice structures has the potential to significantly increase the ZT of Bismuth-
Telluride (Bi2Te3) [33] or two band materials such as semi-metals [34]. The room temperature 
measurement of cross plane ZT in an n-type PbTe/PbTe0.75Se0.25 superlattice structure 
suggested an enhancement in thermoelectric performance [35]. There is some understanding 
of the cause for the dramatic reduction of thermal conductivity at nano-scale devices and 
significant increase in ZT, with mechanisms such as acoustic impedance, phonon spectra 
mismatch, interface scattering due to roughness and defects, being determined as some of the  
*Some contents of this Chapter had been published in: 1) D. Pinisetty and R. V. Devireddy, Acta Materialia, 58 
(2010), 570-576. Reproduced by permission from Elsevier Limited (Refer to Appedix) 
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main contributors for their anomalous, but beneficial, behavior.  Mini-umklapp three-phonon 
scattering has also been described as one of the reasons for the reduction of thermal 
conductivity in superlattices [36]. Improved cooling values relative to conventional bulk 
thermoelectric materials has also been demonstrated in quantum dot superlattice structures 
[37]; with superlattice micro-coolers achieving maximum cooling power densities in the order 
of 1000 W/cm2 [38].  
Continuing research efforts in finding new class of materials to increase ZT, have 
predicted nanowires to be a superior alternative to superlattices [39-41]. For example, prior 
experimental and theoretical studies have shown significant reduction in thermal conductivity 
in nanowires compared to their bulk counterparts [42-62]. These prior studies have 
theoretically investigated the thermal conductivity of nanowires utilizing a variety of 
computational approaches, including molecular dynamic simulations and variations of the 
Boltzman transport equations [21-26, 48-62]. Recent predictions suggest that superlattice 
nanowires, an unique class of materials, can further enhance ZT due to their stronger classical 
and quantum confinement effects compared to one dimensional nanowires or two dimensional 
superlattices [63-66]. The first attempt to model the thermal conductivity of Silicon-Germanium 
(Si/Ge) superlattice nanowires was developed assuming gray and diffuse scattering and a 
Matthiessen-type simplification [67]. The predicted thermal conductivities of Si/Ge superlattice 
nanowires were compared to the available experimental studies [68, 69], corroborating the 
efficacy of this simplified thermal conductivity model [67].   
 For near room-temperature applications, indirect semiconductors like Bi2Te3 and Sb2Te3 
alloys are a better class of thermoelectric materials than Si-Ge [70-72]. Improvements in ZT at 
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room temperature had also been previously reported in Bi2Te3-based materials caused by the 
addition of Bi2Te3 nanotubes [73] and by melt spinning [74]. Such indirect semiconductors (like 
Bismuth-Telluride, Bi2Te3) when combined with a semimetal (like Antimony, Sb) yield a novel 
class of superlattice heterostructure, with unique electronic properties and a variety of 
applications, including high conductivity interconnects, double barrier semimetal-base resonant 
tunneling transistors and nanostructures operating in mesoscopic regime [66,75]. An important 
design criterion for maximizing the performance of devices that could be potentially built up 
using a semiconductor/semimetal (Bi2Te3-Sb) heterostructure is the variation in thermal 
conductivity with the superlattice diameter as well as the individual segment (period) lengths of 
the elements in the nanostructure. Thus, in the present study, numerical investigation of the 
thermal conductivity of superlattice Bismuth-Telluride(semiconductor)-Antimony (semimetal) 
(Bi2Te3/Sb) nanostructures (nanowires and nanotubes) using a previously validated incoherent 
particle model, approximating all the scattering to be diffuse and gray, and applying a 
Matthiessen’s type simplification [67], is reported. The model simulations presented here will 
help to predict and optimize the development of a novel class of thermoelectric coolers 
obtained using semiconductor/semimetal superlattice nanowires and/or 
semiconductor/semimetal superlattice nanotubes. 
As stated in Chapter 1 the choice of materials for the thermoelectric leg elements for 
the fabrication of bulk nanostructured thermoelectric cooler are bismuth-telluride (n-type) and 
antimony-telluride (p-type). By applying the supperlattice model and the reduction of “Sb” 
segments length, thermal conductivity of bismuth-tellruide can be approximated. Similar 
approach can be used to approximate the thermal conductivity of antimony-telluride. 
32 
 
2.2 DESCRIPTION OF MODEL 
The difficulties associated with the fabrication of high quality (smooth) 
semiconductor/semimetal superlattice nanostructures prevent the realization (and validity) of 
assuming idealized confinement effects at temperatures greater than 10 K and diameters 
greater than 10 nm [67]. The incoherent (non-ideal confinement) effects present in superlattice 
nanostructures has been modeled by Dames and Chen [67] by approximating the roughness of 
sidewalls and interfaces, and variations of diameter and segment length, to a characteristic 
phonon wavelength of ~1 nm at 300 K. By evaluating the specularity parameter as a function of 
characteristic roughness, once can justify the assumption that superlattice nanostructures 
should behave as almost perfectly diffuse [76] and is supported by experimental evidence that 
suggests that diffuse scattering should be dominant in nanostructures at temperatures lower 
than 40 K [77, 78]. Thus, in superlattice nanostructures, we expect phonon transport to be 
incoherent, rather than coherent, and scattering to be diffuse, rather than specular. Such 
incoherent systems when modeled using the Boltzmann Transport Equation (BTE) involve six 
independent variables and are computationally expensive due to the involvement of multi-
parameter dependencies/expressions. However, by assuming the scattering to be diffuse and 
gray, due to the non-idealized dispersions, and invoking Matthiessen’s rule, a simplified model 
with only one variable can be developed as shown by Dames and Chen [67]; thus, making a 
computationally less expensive model than the one obtained with the BTE method.  
The model is based on a radiative heat transport formulation, which de-couples the 
mechanisms involved in a superlattice nanostructure and accounts for each of them 
independently. The different scattering mechanisms that are involved in superlattice 
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nanostructure are surface scattering (Rs) (scattering at sidewalls), bulk scattering (Rv) (scattering 
due to the defects, grain boundaries, impurities and other phonons) and interface scattering 
(Ri) (scattering at the interfaces present in superlattice structures). The extremely useful 
assumption of separate bulk and surface scattering mechanisms (Rs and Rv) is artificial as they 
are not independent of each other; but fortunately, this approximation is known to be in good 
agreement with the full BTE solutions for a cylinder with diffuse sidewalls [76]. The de-coupling 
of Rs and Rv is equivalent to assuming a spectral Matthiessen’s rule [67]. Although, the resulting 
spectral integral is easily evaluated, for simplicity the rest of the model is developed with the 
gray medium approximation allowing us to represent Rs+v=Rs + Rv (see Figure 2.1). Based on the 
above framework, the superlattice nanostructure is interpreted as a series of linear resistors 
that connects nodes at different thermal potentials (see Figure 2.1). Thus, the total resistance 
‘R’ is composed of the parallel sum of the aforementioned resistances (Rs, Rv and Ri). Assuming 
diffuse and gray sidewalls, the model results would be most sensitive to the boundary 
conditions at the nanostructures sidewalls (Rs) and at inter-segment interfaces (Ri).  As 
described earlier [67], the calculations based on the assumptions in this model would be 
equivalent to a furnace (cylinder) radiation problem considered earlier by Hottel and Keller 
[79]. Thus, the solution for the space resistance ‘Rs’ was found by meshing the superlattice 
(cylinder) into discrete surfaces, formulating the governing integral equation in terms of view 
factors and then numerically solving the resulting matrix of equations [67,79]. The interfacial 
resistance (Ri) at the interface of Bismuth-Telluride (Bi2Te3) and Antimony (Sb) can be calculated 
as: 
                         𝑅𝑖12 =
1
𝑡12
[1 −
1
2
 𝑡12 + 𝑡21 ]                                                     (2.1) 
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where, the subscript “1” stands for Bi2Te3, the subscript “2” stands for Sb and “t” represents the 
transmissivity coefficient between segments 1 and 2.  Note that we assumed, as shown in the 
earlier analysis [67], that 𝑅𝑖12 = 𝑅𝑖21 . For rough interfaces between dissimilar materials as in 
superlattice structures, the common diffuse mismatch model (DMM) is expected to be better 
estimate leading to t12= f(u,v) where u and v are energy density and velocity of sound, and 
t12=1-t21=0.5 [80]. Based on Matthiessen’s rule the effective thermal conductivity 𝑘𝑒𝑓𝑓  can be 
approximated as, 
                  
1
𝑘𝑒𝑓𝑓
=
1
𝑘𝑠𝑢𝑟𝑓
+
1
𝑘𝑏𝑢𝑙𝑘
                                                              (2.2) 
where, 𝑘𝑠𝑢𝑟𝑓  is surface thermal conductivity, which is limited only by the scattering at surfaces 
and 𝑘𝑏𝑢𝑙𝑘  is bulk thermal conductivity, which comes into play when all the volumetric scattering 
is approximated to be gray (frequency independent). For the case of nanotubes (i.e., a hollow 
cylinder) an additional term 𝑘𝑎𝑖𝑟  (the thermal conductivity of air) is considered in the 
Matthiessen’s rule based on the assumption that the hollow space of the nanotubes is filled 
with air. The surface conductivity, limited only by scattering at surface, is derived as:  
D 
LBi2Te3 
LSb 
Rs Rs Rs Rs Rs Rs 
Ri Ri Ri Ri Ri 
Bi2Te3 
Sb Sb
e 
Sb Sb Sb 
Bi2Te3 Bi2Te3 Bi2Te3 Bi2Te3 Bi2Te3 
Figure 2.1: Sketch of model superlattice nanostructure, with segments length L, 
thermal resistances R and diameter D 
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𝑘𝑠𝑢𝑟𝑓 =
𝐿𝜗𝐶
4𝑅
 where 𝐿, 𝜗, 𝐶, 𝑅 stand for segment length, group velocity, specific heat and total 
resistance over the segment length L, respectively. While, the effects of bulk scattering can be 
estimated by approximating mean free path due to the bulk scattering as: 𝛬𝑏𝑢𝑙𝑘 =
3𝑘𝑏𝑢 𝑙𝑘
𝐶𝜗
 
where 𝛬𝑏𝑢𝑙𝑘 , 𝐶 and 𝜗 represent the bulk mean free path, specific heat and group velocity, 
respectively.  The appropriate model parameters required to calculate 𝑘𝑠𝑢𝑟𝑓 and𝑘𝑏𝑢𝑙𝑘 , for the 
two segments (Bi2Te3 and Sb) at a temperature of 300 K are: i) for Bi2Te3: 𝐶=1.2 x 10
6 JK-1m-3, 
𝜗=3000 ms-1 [39] and 𝛬𝑏𝑢𝑙𝑘 =1 nm; ii) for Sb:  𝐶=1.4 x 10
6 JK-1m-3, 𝜗=3420 ms-1 [81] and 
𝛬𝑏𝑢𝑙𝑘 =15 nm. Note that the effective mean free path due to surface scattering can be 
approximated from the kinetic theory as: 𝛬𝑠𝑢𝑟𝑓 =
3𝐿
4𝑅
. For the wire diameter or the segment 
length to effect the predicted values of the thermal conductivity, the effective mean free path 
should be smaller than 𝛬𝑏𝑢𝑙𝑘  and occurs only when 3Ltave/4(1-tave) < 𝛬𝑏𝑢𝑙𝑘  where tave represents 
the average of t12 and t21 [67]. This extremely simplified model is expected to predict the 
thermal conductivity of semiconductor-semimetal material systems under diffuse and 
incoherent scattering conditions. 
2.3 RESULTS 
The model developed by Dames and Chen [67] considers a ballistic phonon transport where the 
surface scattering is the dominant thermal resistance to the heat transport along the axis of the 
nanowires. If the structural dimensions are lower than the mean free path of the bulk material, 
then the mean free path and lattice thermal conductivity are limited by surface scattering and a 
good estimate for the lattice thermal conductivity is obtained by setting the structural 
dimension equal to the mean free path of the bulk material [39]. In a superlattice nanowire or 
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nanotube additional increase in the thermoelectric efficiency can be achieved by considering 
the segment lengths to be lower than the mean free path of the bulk material. To get an 
estimate of the best thermal conductivity reduction possible for the semiconductor-semimetal 
superlattice nanostructure, in the present study segment lengths were assumed to be lower 
than the mean free path of the semiconductor (i.e. 1 nm). Figure 2.2a shows a plot that 
describes the relationship between the diameter of superlattice nanowires (approximated to be 
lower than the mean free path of semiconductor) and thermal conductivity for equal segment 
lengths of Bi2Te3 (semiconductor) and Sb (semimetal), i.e., LBi2Te3=LSb. As shown in Figure 2.2a, 
as the segment length is increased monotonously from 0.1 nm to 1 nm, the predicted value of 
the thermal conductivity increases as well. At a segment length of 0.1 nm, the predicted value 
of the thermal conductivity is ~0.03 W/m-K, which is significantly lower than the bulk thermal 
conductivity value of the Bi2Te3 (2 W/m-K). Obviously, as current fabrication techniques 
improve, we will be able to test the predictions and allow the development of new and novel 
class of semiconductor-semimetal superlattice nanostructures in micro/nano electronic 
devices. At a segment length of 1 nm (equal to the mean free path of the semiconductor 
(Bi2Te3) material), the predicted value of the thermal conductivity of the semiconductor-
semimetal superlattice nanostructure is ~0.21 W/m-K.  As described earlier by Hicks and 
Dresselhaus [39], when the segment length is equal to the mean free path, the estimated 
thermal conductivity value (in our case ~0.21 W/m-K)  represents the surface scattering limit as 
opposed to the bulk scattering values that are obtained as the segment lengths are increased 
(not relevant to the present model). It would be interesting to study the behavior of thermal 
conductivity reduction when the segment lengths are relatively changed.  
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Figure 2.2: Influence of semiconductor/semimetal superlattice nanowire diameter (D) ranging between 0.01 nm to 1 
nm and semiconductor segment length (LBi2Te3) ranging between 0.1 nm to 1 nm on the thermal conductivity (W/m-K) 
is shown.  The graphs show the predicted thermal conductivity values when the ratio of the two (Sb and Bi2Te3) 
segment lengths are varied as: LSb = LBi2Te3 (Fig. 1A), LSb = 0.25*LBi2Te3 (Fig. 1B), LSb = 0.5*LBi2Te3 (Fig. 1C), LSb = 2.0*LBi2Te3 
(Fig. 1D) and LSb = 4.0*LBi2Te3 (Fig. 1E).  The graphs show that the predicted value of thermal conductivity is minimum 
when LSb= 0.25*LBi2Te3 (Fig. 1B) and maximum when LSb = 4.0*LBi2Te3 (Fig. 1E).  The diameter of the nanowire is shown in 
the x-axis while the predicted value of the thermal conductivity is shown on the y-axis. 
Th
er
m
al
 C
o
n
d
u
ct
iv
it
y 
(W
/m
-K
) 
Diameter of nanowire (nm) 
L Bi2Te3= 0.1 nm 
L Bi2Te3 = 1 nm 
a) LSb= LBi2Te3 
L Bi2Te3= 0.5 nm 
L Bi2Te3= 0.25 nm 
Th
e
rm
al
 C
o
n
d
u
ct
iv
it
y 
(W
/m
-K
) 
Diameter of nanowire (nm) 
c) LSb= 0.5*LBi2Te3 
L Bi2Te3= 0.1 nm 
L Bi2Te3 = 1 nm 
L Bi2Te3= 0.5 nm 
L Bi2Te3= 0.25 nm 
Th
er
m
al
 C
o
n
d
u
ct
iv
it
y 
(W
/m
-K
) 
Diameter of nanowire (nm) 
d) LSb= 2*LBi2Te3 
L Bi2Te3= 0.1 nm 
L Bi2Te3 = 1 nm 
L Bi2Te3= 0.5 nm 
L Bi2Te3= 0.25 nm 
Th
er
m
al
 C
o
n
d
u
ct
iv
it
y 
(W
/m
-K
) 
Diameter of nanowire (nm) 
e) LSb= 4*LBi2Te3 
L Bi2Te3= 0.1 nm 
L Bi2Te3 = 1 nm 
L Bi2Te3= 0.5 nm 
L Bi2Te3= 0.25 nm 
Diameter of nanowire (nm) 
Th
e
rm
al
 C
o
n
d
u
ct
iv
it
y 
(W
/m
-K
) 
b) LSb= 0.25*LBi2Te3 
L Bi2Te3= 0.1 nm 
L Bi2Te3 = 1 nm 
L Bi2Te3= 0.5 nm 
L Bi2Te3= 0.25 nm 
38 
 
Figures 2.2b to 2.2e depict the effect of varying the relative values of the segment 
lengths (i.e. LSb is either lowered or increased relative to LBi2Te3) on the reduction of thermal 
conductivity by considering the following scenarios: (i) LSb = 0.25*LBi2Te3 (Fig. 2.2b), (ii) LSb = 
0.5*LBi2Te3 (Fig. 2.2c), (iii) LSb = 2.0*LBi2Te3 (Fig. 2.2d), and (iv) LSb = 4.0*LBi2Te3 (Fig. 2.2e).  A 
comparison of Fig. 2.2b with Fig. 2.2e shows that the thermal conductivity of the nanowire is 
minimized when the Sb segment length is lower than the Bi2Te3 segment length.  As a specific 
example: when the diameter of the nanowire = 1 nm, LBi2Te3 = 1 nm and LSb = 0.25 nm (i.e., LSb = 
0.25*LBi2Te3) the predicted value of the thermal conductivity is ~0.14 W/m-K, correspondingly 
when the diameter of the nanowire = 1 nm, LBi2Te3 = 1 nm and LSb = 4 nm (i.e., LSb = 4.0*LBi2Te3) 
the predicted value of the thermal conductivity is ~0.28 W/m-K.  
Figure 2.3 is a plot of thermal conductivity as a function of segment length of nanowires 
at different constant diameter slices (0.1 nm, 1 nm, 5 nm, 10 nm). The three different cases 
shown in the Fig. 2.3 are (i) LSb=LBi2Te3 (ii) LSb=0.25*LBi2Te3 (iii) LSb=4*LBi2Te3. As shown in the Fig. 
2.3, when the diameter of the nanowire is 0.1 nm and when the segment lengths of Bi2Te3 are 
lower than 1 nm, the predicted value of the nanowire thermal conductivity is of the order ~0.01 
W/m-K which is significantly lower when compared to the bulk thermal conductivity value of 
Bi2Te3 (2 W/m-K). As the nanowire diameter is increased the predicted thermal conductivity 
increases and is also dependent on the Sb and Bi2Te3 segment length ratios. Unfortunately, we 
are unaware of any published experimental thermal conductivity data for 
semiconductor/semimetal (Bi2Te3/Sb) superlattice nanowires; which precludes a direct 
comparison between our simulation results and experimental data.   However, at a 
temperature of 300 K the bulk thermal conductivity of the semiconductor (Bi2Te3) is 2 W/m-K 
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[82] while the corresponding value for the semimetal (Sb) is 24.3 W/m-K [83]. As shown in 
Fig.2.3, the thermal conductivity is lower than 2 W/m-K, even when the nanowire diameters (10 
nm) are 10 times larger than the mean free path (1 nm) of Bi2Te3, provided the segment lengths 
are lower than 1 nm. For Sb and Bi2Te3 segment length ratios of 0.25 and 4.0, the predicted 
value of the thermal conductivity is lower than 2 W/m-K, when LBi2Te3 is less than 1 nm. Briefly, 
these simulations suggest that the thermal conductivity of semiconductor/semimetal 
(Bi2Te3/Sb) superlattice nanowires, can be reduced from its bulk value by reducing the segment 
lengths and/or by reducing the nanowire diameters. 
As suggested by Dames and Chen [67] the three different regimes for the thermal 
conductivity predictions for nanowires: (A) diameter limited, (B) segment length limited, and (C) 
bulk regime have also been identified in the present study (data not shown).  In the small 
diameter regions (i.e. in the diameter limited regime) and short segment regions (i.e. segment 
length limited regime), the thermal conductivity is limited by the scattering at the sidewalls and 
interface scattering respectively. As described earlier, when both the segment length (L) and 
the nanowire diameter (D) are larger than mean free path of the bulk (𝛬𝑏𝑢𝑙𝑘 ), nanostructured 
layering does not seriously affect the thermal conductivity and the thermal conductivity 
increases to its bulk value. 
After describing the impact of the diameter and segment lengths of the semiconductor- 
semimetal superlattice nanowires, the model had been extended to investigate 
semiconductor/semimetal (Bi2Te3/Sb) superlattice nanotubes, which might exhibit even higher 
phonon blocking effects and correspondingly lower thermal conductivity values [84]. Figure 2.4, 
delineates the relationship between the outer diameter of nanotubes and thermal conductivity  
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Figure 2.3: Thermal conductivity is predicted as a function of semiconductor segment length of 
nanowire (LBi2Te3) for constant diameter slices (0.1 nm [dotted line], 1 nm [dot-dashed line], 5 nm 
[dashed line], and 10 nm [solid line]). The graphs show the predicted thermal conductivity values 
when the ratio of the two segment lengths are varied as: LSb = LBi2Te3 (red lines), LSb = 0.25*LBi2Te3 
(blue lines), LSb = 4.0*LBi2Te3 (green lines). The bulk thermal conductivity of semiconductor (Bi2Te3) 
(2 W/m-K) is not surpassed when the diameter of nanowires (D) is higher than 1 nm (mean free 
path of semiconductor). The segment length of Bismuth-Telluride (Bi2Te3) is shown in the x-axis 
while the predicted value of the thermal conductivity is shown on the y-axis. 
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for varying segment lengths of LBi2Te3 and LSb, at different nanotube wall thickness (t) values. For 
each wall thickness, the corresponding plots at different Bi2Te3 and Sb segment lengths are also 
shown, i.e. at LBi2Te3=LSb, at LSb=0.25*LBi2Te3 and at LSb=4.0*LBi2Te3 (and are easily distinguishable 
from each other, especially as the nanotube thickness increases; showing the dependence of 
the predicted thermal conductivity on the ratio of the segment lengths of semiconductor and 
semimetal in the superlattice structure and the nanotube thickness).  Within the figure, as an 
insert, the corresponding 3-D plot depicting the relationship between 
semiconductor/semimetal segment length (i.e., LBi2Te3= LSb; assumed to range from 0 to 1 nm), 
outer diameter of nanotubes (assumed to range from 0 to 10 nm) and thermal conductivity, at 
an assumed tube thickness value of 0.25 nm, is also shown. The simulations suggest that for a 
given (constant) value of the outer diameter of the nanotube, thermal conductivity increases as 
the value of the assumed nanotube wall thickness increases. For example, at a constant outer 
diameter value of 5 nm, as the wall thickness is increased from 0.1 nm to 0.75 nm, the 
predicted value of the thermal conductivity increases by ~33%. The simulations also suggest 
that for a given (constant) value of thickness, thermal conductivity decreases with the increase 
in the outer diameter value of the nanotubes. And finally, as shown in Figure 2.4, the 
magnitude (and the ratio’s) of the segment lengths (LBi2Te3 and LSb) has an effect on the 
predicted value of the thermal conductivity. This is similar to the behavior observed earlier in 
superlattice nanowires.  A comparison of Fig. 2.2A and Fig. 2.4, shows that the predicted values 
of nanotube thermal conductivity is significantly lower (reduction is of the order of ~10) when 
compared to the predicted values for nanowires. The higher reduction of thermal conductivity 
in nanotubes is possibly caused due to strong quantum confinement effects at lower wall  
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Figure 2.4: Influence of the outer diameter of semiconductor/semimetal superlattice nanotube on 
the thermal conductivity (W/m-K) at different wall thickness (t) values: t = 0.1, 0.25, 0.5, and 0.75 
nm. For each wall thickness, the corresponding plots at different Bi2Te3 and Sb segment lengths 
are also shown, i.e. at LBi2Te3=LSb (solid line), at LSb=0.25*LBi2Te3 (dotted line) and at LSb=4.0*LBi2Te3 
(dashed line), predicted thermal conductivity increases with the increase in the ratio of the 
segment lengths of semimetal and semiconductor in the superlattice structure. The outer 
diameter of the nanotube is shown in the x-axis while the predicted value of the thermal 
conductivity is shown on the y-axis. A 3-D plot between semiconductor-semimetal segment length 
(LBi2Te3=LSb), outer diameter of nanotubes and thermal conductivity, at a wall thickness of 0.25 nm 
is also shown as an insert within the Figure. 
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thickness values as well as the lower thermal conductivity of air, assumed to be the medium in 
the hollow space of the tube. Thus, for thermoelectric cooling applications, 
semiconductor/semimetal superlattice nanotubes seem to be a better choice than the 
corresponding semiconductor/semimetal superlattice nanowires. Future and current  
experiments with electrochemically fabricated semiconductor (Bi2Te3) nanotubes and 
nanowires [85] will test this observation, as well as future fabrication/characterization efforts 
using a thermoelectric device with intrinsic nanostructures (nanowires and nanotubes). 
2.3.1 Thermal Conductivity of Bismuth-Telluride 
To determine the thermal conductivity of bismuth telluride using the model developed 
by Dames and Chen [67] the segment length of ‘Sb’ had been reduced by 200 times. Although 
the interface effect will play a role by contributing to the reduction in thermal conductivity, an 
approximation can be made that due to the very low segment length of ‘Sb’ the thermal 
conductivity obtained is closer to the thermal conductivity of Bi2Te3 nanowire/nanotube. Figure 
2.5 depicts the thermal conductivity of the bismuth-telluride nanowire or nanotube. Figure 2.5a 
shows that the thermal conductivity of Bi2Te3 nanowire is reduced by either the reduction of 
segment length or the diameter of the nanowire. The reduction in the segment length of ‘Sb’ by 
200 times compared to segment length of Bi2Te3, increased the reduction of thermal 
conductivity. A comparison between Figures 2.2a and 2.5a shows that thermal conductivity of 
Bi2Te3 nanowire had been reduced by ~55 %. Interfacial contribution in the reduction of 
thermal conductivity increases with the decrease in the segment length of Bi2Te3.  
Figure 2.5b, delineates the relationship between the outer diameter of nanotubes and 
thermal conductivity when the segment length of ‘Sb’ (LSb) is reduced by 200 times compared 
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to segment length of Bi2Te3 (LBi2Te3), at different nanotube wall thickness (t) values. A 
comparison between Figure 2.4 and Figure 2.5b suggests that the thermal conductivity of Bi2Te3 
nanotube did not change significantly when compared to the thermal conductivity at LSb= LBi2Te3 
for various nanotube thickness values. For example, at a constant outer diameter value of 5 nm, 
at a wall thickness of 0.75 nm, the predicted value of the thermal conductivity increased by 
~3%. A comparison between Figure 2.5a and Figure 2.5b also suggests that Bi2Te3 nanotube 
would yield higher decrease in thermal conductivity compared to Bi2Te3 nanowire. 
2.3.2 Thermal Conductivity of Antimony-Telluride 
The thermal conductivity of antimony telluride (Sb2Te3) was also calculated in the similar 
fashion as calculated for bismuth telluride described in section 2.3.1, using the model 
developed by Dames and Chen [67]. In a superlattice structure composed of Sb2Te3/Sb, the 
segment length of Sb is reduced by 200 times compared to segment length of Sb2Te3. The 
appropriate model parameters required to calculate 𝑘𝑠𝑢𝑟𝑓 and𝑘𝑏𝑢𝑙𝑘 , for the Sb2Te3 segment at a 
temperature of 300 K are: i) for Sb2Te3: 𝐶=1.32 x 10
6 JK-1m-3, 𝜗=3000 ms-1 and 𝛬𝑏𝑢𝑙𝑘 =0.7 nm 
[86]; Figure 2.6 depicts the thermal conductivity of Sb2Te3 nanowire or nanotube. The thermal 
conductivity of Sb2Te3 nanowire decreased with either the reduction in segment length or 
reduction in diameter of the nanowire (Figure 2.6a). A comparison between Figure 2.5a and 
Figure 2.6a suggests that there is ~12 % increase in thermal conductivity of Sb2Te3 nanowire 
compared to Bi2Te3 nanowire. Figure 2.6b shows that there is higher reduction in thermal 
conductivity in Sb2Te3 nanotube compared to Sb2Te3 nanowire. This observation was similar to 
that made in the case of Bi2Te3. A comparison between Figure 2.5b and Figure 2.6b shows that 
there is no significant difference in thermal conductivity between Bi2Te3 and Sb2Te3 nanotubes. 
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Figure 2.5: Thermal conductivity of bismuth telluride when the segment of Sb is 
reduced by 200 times compared to segment length of Bi2Te3 (a) nanowire at different 
segment lengths (b) nanotube at different thickness values.  
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2.4 DISCUSSION 
Thermal conductivity, 𝑘 consists of the phonon contribution and the carrier contribution 
which is related to the electrical conductivity 𝜎 by Wiedemann-Franz law with 𝑘 (carrier 
contribution) = 𝐿𝑜𝜎𝑇, where 𝐿𝑜  and T represent the Lorenz number and absolute temperature, 
respectively [87]. The value of Lorenz number for a nondegenerate semiconductor is 2.45*10-8 
WΩK-2 [87]. In semiconductor/semimetal super-lattice nanostructures the interfaces and 
surface roughness reduces thermal conductivity 𝑘 to a remarkable extent, such that Bi2Te3/Sb 
or Sb2Te3/Sb super-lattice nanostructures should exhibit an appreciable increase in ZT. The 
exact mechanisms involved in the reduction of thermal conductivity for nanowires at higher 
diameters (Figure 2.3) are as yet unknown, but can potentially be attributed to the higher rates 
of surface scattering or back scattering of phonons due to the roughness of sidewalls, interfaces 
involved in the super-lattice structures, and layers in the order of the mean free path of the 
bulk material [88]. Previous studies [15,22,89] have predicted that a minimum thermal 
conductivity exists at a certain “optimal” segment length beyond which any further lowering of 
the segment length will increase (and not decrease) thermal conductivity. For example, 
Venkatasubramanian [15] have shown that thermal conductivity of Bi2Te3/Sb2Te3 superlattices 
decreased with decreasing superlattice period, reaching a minimum at around 5 nm, before 
increasing again for periodicities lower than this and approaching alloy limit. Simkin and Mahan 
[13] used a lattice dynamics model to show that the minimum thermal conductivity is due to 
the miniband formation and occurs at crossover between the particle and wave interference 
regimes. Although such phenomenon cannot be directly explained by the particle treatment of 
phonons, several attempts have been carried out to explain this phenomenon based on the  
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Figure 2.6: Thermal conductivity of antimony telluride when the segment of Sb is 
reduced by 200 times compared to segment length of Sb2Te3 (a) nanowire at 
different segment lengths (b) nanotube at different thickness values.  
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wave nature of phonons and has been attributed to phonon tunneling, coherent back 
scattering of phonon waves at the super-lattice interfaces, and the appearance of minibands 
due to the modification of phonon spectrum [90]. However, in the present study, due to the 
assumptions restricting the model to the incoherent, particle regime focusing exclusively on the 
classical size effects, a monotonous decrease of thermal conductivity is observed as the 
segment length is reduced. This result agrees well with the previous predictions of Chen et al. 
[91] who have shown that due to the presence of rough interfaces in superlattice structures, 
the Bragg reflection will be absent and consequently, the thermal conductivity decreases 
monotonously with a decrease in the segment length(s). Also, in the present study thermal 
conductivity of either Bi2Te3 or Sb2Te3 nanostructures had been determined by significantly 
reducing (~200 times) the segment length of ‘Sb’ segment within the superlattice structure. 
Although, interfacial contribution will be present in the reduction of thermal conductivity a 
heterostructure (Bi2Te3/Sb or Sb2Te3/Sb) with neglected ‘Sb’ lengths can be approximated to 
homogenous structure (Bi2Te3 or Sb2Te3). 
2.5 LUMPED PARAMETER MODEL 
 In order to set up the framework for lumped parameter model it is essential to review 
some of the basic conventional TEC equations [2, 92]. The heat balance at the cold junction of 
the TEC leg is given by, 
                                                   𝑄 = 𝛼 𝑇 𝐼𝑇𝑐 −
1
2
𝐼2𝑅 𝑇 − 𝑘∆𝑇                                                       (2.3) 
  The first term on the right hand side of the equation represents the Peltier cooling 
effect, the second the Joule heating due to resistive losses, and the last term represents the 
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amount of heat leaking back from the hot junction to the cold side due to the finite thermal 
conductance of the material. The voltage across the TEC element is given by, 
                                                             𝑉 = 𝛼 𝑇  𝑇ℎ − 𝑇𝑐 + 𝐼𝑅                                                          (2.4) 
Also, the heat rejected by the hot side of the TEC leg element, 𝑄ℎ , can be given by, 
                                                                  𝑄ℎ = 𝑄 + 𝐼𝑉                                                                          (2.5) 
This yields, 
  𝑇𝑐 =
𝑇ℎ−(𝛼 𝑇 𝐼𝑇ℎ+
𝐼2𝑅
2
−𝑄ℎ
𝑘𝑇𝐸
                                                        (2.6) 
The terms 𝑅 and 𝑘 of the TEC element are dependent on material properties  , ĸ and ρ, 
                                                                         𝑅 𝑇 =
𝐿
𝐴𝜎 (𝑇)
      (2.7) 
                                                                         
                                                                        𝑘 𝑇 = ĸ 𝑇 
𝐴
ℎ
 (2.8) 
                                                                                           
However, in this “closed form” conventional design theory the equations were derived by 
applying the simplifying assumption that the TEC material parameters 𝛼, ĸ and ρ are invariant 
with temperature. This assumption only holds for small ∆𝑇 differentials and various numerical 
methodologies have been derived to overcome these inadequacies [93]. In the present study, 
lumped parameter approach was chosen to evaluate the geometric parameters of the 
nanostructures, aiming for the design of an optimized bulk nanostructured TEC device. 
2.5.1 Model Development 
The model development followed the approach of Yamanashi [94-97] based on a set of rate 
equations describing one-dimensional temperature distribution through all of the intermediate 
layers, including the insulator end plates and metal interconnects. Adiabatic boundary 
conditions were applied to four vertical side surfaces of the volume. Figure 2.7 show that there 
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is symmetry in the single stage TEC, indicating the adequacy of considering only a single TEC 
element (Figure 2.8) sandwiched between two insulator end plates. The problem formulation 
involved a few assumptions; chief amongst which were (1) presumption of either 𝑄 or ΔT (Th - 
Tc) value; (2) neglect of Joule and Peltier heating of the interconnect which assumed to be 
negligible when compared with the thermoelectric element; (3) treatment of the heat sink as a 
node at constant temperature. Depending on the final packaging of the TEC system there may 
be heat transfer losses laterally from the TEC elements. As a limiting case these losses have 
been assumed to be negligible. The validity of the assumption has been shown by Prabhakar et 
al. [94]. The thermal conductivity of the thermoelectric material was assumed to be the 
combination of conductivity of all the individual nanostructures. All the individual 
nanostructures are arranged in parallel to one another. 
Any heat flow between the TEC and the ambient surroundings in the direction 
perpendicular to the line of symmetry (Figure 2.7) was ignored and only the heat transfer along 
the line of symmetry which accounted for the cooling capacity in the cold end and heat 
rejection in the hot end was taken into consideration. Various geometric conditions for the 
proposed nanostructured TECs were analyzed to obtain optimum performance. The problem 
formulation accounted for the temperature dependence of electrical conductivity and Seebeck 
coefficient and geometric dependence of the thermal conductivity. Initially the model was 
solved by evaluating all of the TEC variables at 300 K. The resultant temperature distribution 
was used to specify the variables 𝛼, 𝜎 at each level yielding a new temperature distribution. 
The effect of temperature on thermal conductivity was assumed to be negligible when 
compared to the effect caused by either nanowires or nanotubes. 
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A first law analysis of heat transfer from the cold junction to the hot junction of the TEC 
leads to a set of modified energy balanced equations: 
                                                 𝑄 + 𝑘𝑖𝑐𝑒  𝑇𝑎𝑚𝑏 − 𝑇𝑐 − 𝑘𝑢𝑝𝑐𝑒𝑟  𝑇1 − 𝑇𝑐 = 0                            (2.9) 
                                                     𝑘𝑢𝑝𝑐 𝑒𝑟  𝑇1 − 𝑇𝑐 − 𝑘𝐶𝑈1 𝑇2 − 𝑇1 = 0                                          (2.10) 
                                             𝛼𝐼𝑇2 −
𝐼2𝑅
2
− 𝑘𝑇𝐸 𝑇3 − 𝑇2 − 𝑘𝐶𝑈1 𝑇2 − 𝑇1 = 0                            (2.11) 
                                            𝛼𝐼𝑇3 +
𝐼2𝑅
2
− 𝑘𝑇𝐸 𝑇3 − 𝑇2 − 𝑘𝐶𝑈2 𝑇4 − 𝑇3 = 0                             (2.12) 
𝑘𝐶𝑈2 𝑇4 − 𝑇3 − 𝑘𝑙𝑜𝑤𝑐𝑒𝑟  𝑇4 − 𝑇𝑎𝑚𝑏  = 0                             (2.13)                              
 Figure 2.8 shows the temperature distribution in the TEC model. The temperatures  𝑇1 
and 𝑇2 account for the junction temperatures between the upper insulator and copper 
interconnect; copper and thermoelectric material interconnects, respectively. The 
temperatures 𝑇3 and 𝑇4 account for the junction temperatures between the thermoelectric 
material and copper interconnect; copper and lower insulator interconnects, respectively. The 
cell to be subjected to temperature modulation by the TEC with nanostructured elements was 
simulated as a heat generation input in its frozen state, ice, so the uppermost layer in the 
model represented ice with a thermal conductivity, kice (Figure 2.8). 
2.5.2 Results and Discussion 
The effect of the nanowire or nanotube diameters on the performance of the TEC was studied 
using the lumped parameter model. The maximum temperature gradient was experienced in 
the TE element region making the TEC leg element dimensions an important design parameter. 
The nanostructures are cylindrical in shape so the temperature drop was assumed to be a 
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function of only diameter, keeping the length constant. The optimized dimensions for the 
proposed nanostructured TEC were chosen from Prabhakar et al. [94].  The nominal dimension 
for the TEC leg element within the fabrication and application limitation was chosen to be 10 
µm. The maximum temperature drop was calculated accounting for the maximum number of 
nanowires or nanotubes that can be filled in a 10 µm area. The nanowires or nanotubes in the 
leg element region are thermally in parallel, therefore the total thermal conductance 
considered in this model is thermal conductance drop for a single nanostructure divided by the 
total number of nanowires or nanotubes filled in an area of 10 µm. Figure 2.9 shows the 
maximum achievable temperature drop (ΔT) for varying diameters of nanowires with the length 
of the nanowire fixed at 8 microns. The performance of the device is inversely proportional to 
the nanowire diameter, as the diameter of the nanowire decreases the performance of the 
device increases. For a nanowire with a diameter of 100 nm the maximum temperature drop 
which can be achieved is 8K whereas for a nanowire with a diameter of 10 nm the maximum 
temperature drop that can be achieved is 9.25K. The interesting observation which can be 
made from the plot is that there is a significant increase in temperature drop when a 
micrometer area is filled with nanowires. This may be due to the quantum confinement effect 
or boundary scattering effects within nanowires which significantly decreases thermal 
conductivity without effecting seebeck coefficient and electrical conductivity. 
Since the TEC is a thermoelectric device it was essential to set a range of operational 
current values within which the TEC would function without electrical breakdown. As evident 
from the Peltier cooling term, αIT, varies linearly with current whereas, the Joule heating term, 
I2R/2, varies as a square of the current indicating that the existence of a particular current, I, at  
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which the cooling power reaches a maximum. At this current the Joule effect begins to 
dominate through I2R power losses, a function of L/A, overcome the heat losses, resulting in a 
constant rise in temperature. This constant temperature rise in the device instead of the 
expected temperature decrease is called the breakdown of the μTEC and the current at which 
this breakdown occurs is known as the Joule breakdown. The maximum operational current 
should be less than the Joule breakdown current. Mathematically, the Joule breakdown current 
can be described as the value of the current at which the ΔT, (Th - Tc), becomes negative. In 
Figure 2.9 the Joule breakdown for a nanowire with a diameter of 10 nm occurs at 
approximately 62 mA, whereas for a nanowire with a diameter of 10 µm, it occurs at 
approximately 54 mA. The existence of the limitations on the applicable current for TECs could 
explain why the previously designed and fabricated TEC systems [98, 99] using Joule breakdown 
current as the limiting design parameter functioned less effectively than their predicted design 
values. 
Figure 2.10 shows that the maximum achievable temperature drop (ΔT) for an outer 
diameter of 400 nm and a wall thickness of 60 nm with the length fixed at 8 microns. It is shown 
that a maximum temperature drop of 9.2K is achieved. The variation of temperature drops for 
different outer diameters is not conceivable due to a very small factor of conductance obtained 
at nanoscale. It can be seen that the Joules breakdown for the nanotubes with the considered 
dimensions occurs at 61 mA approximately. The lumped parameter model suggested that lower 
the thickness of the nanotube, higher would be the device performance. A comparison of the 
device performance between a nanowire with a diameter of 100 nm and nanotube with a 
thickness of 60 nm shows that nanotube has a better device performance. 
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The modeling results suggest that nanotubes have a higher reduction in thermal 
conductivity when compared to that of the nanowires. Arrays of nanotubes might yield a better 
figure of merit (ZT). Lumped parameter model also suggests that a nanotube array would be 
better choice when the thickness of the nanotube is equal to the diameter of the nanowire. For 
a current between 0 mA and 80 mA, nanowire with a diameter of 10 nm would give us a 
temperature drop of 9.25 K, and a nanotube with an outer diameter of 400 nm and a thickness 
of 10 nm would give us a temperature drop of 9.8 K. The performance of the TEC in 10 µm 
micropost was shown to be 2 K by Prabhakar et al. [94]. Modeling results suggest that by filling 
the 10 µm area by either nanowires or nanotubes, device performance will be enhanced. 
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CHAPTER 3 
ELECTRODEPOSITION OF Bi2Te3 AND Sb2Te3 NANOWIRES OR 
NANOTUBES* 
 
3.1 INTRODUCTION 
The best thermoelectric materials for near room temperature applications were found 
to be Bi2Te3 and Sb2Te3 (Refer to Figure 2.8).  These materials possess moderate electrical 
resistivity, low thermal conductivity and high Seebeck coefficient. The thermoelectric figure of 
merit () of these materials (about unity) has been improved only marginally over the past 4 
decades (Refer to Figure 1.6). However, there is sudden resurgence in the field of 
thermoelectricity due to predictions of few theoretical and experimental studies. The studies 
[1-4] have suggested that low dimensional thermoelectric materials cause a significant 
enhancement in , owing to both reduced lattice thermal conductivity by phonon-surface 
scattering and an improved power factor (), due to a sharper electronic density of states 
resulting from quantum-confinement. As discussed in Chapter 2, nanowires and nanotubes 
cause significant reduction in thermal conductivity compared to bulk which may increase  
significantly. The present chapter will be focused on the fabrication and characterization of 
Bi2Te3 and Sb2Te3 nanowires and nanotubes.  
Bismuth-Telluride (Bi2Te3) or Antimony-Telluride (Sb2Te3) is a narrow band-gap layered 
semiconductor with tetradymite structure (space group no. R3m). Low dimensional structures 
of such materials have been fabricated by variety of methods including vapor-liquid-solid 
growth [5-7], solvothermal approach [8, 9], hydrothermal synthesis [10-13], colloidal synthesis  
*Some contents of this Chapter had been published in: 1) D. Pinisetty et al., Acta Mat., 59(2011), 2455-2461 and 
2) D. Pinisetty et al., J. Mat. Chem., 2011, doi:10.1039/C0JM01969K. Reproduced by permissions from Royal 
Society of Chemistry and Elsevier Limited (Refer to Appendix). 
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[14], single source precursor [15]. Most of the aforementioned fabrication techniques are 
either slow, cumbersome, or cost is high. Electrodeposition is an alternative technique 
particularly well suited for depositing into nano-scaled recesses or pores to create low-
dimensional Bi2Te3 and Sb2Te3 nanowires or nanotubes using a template approach [16-22] that 
can be integrated into a new generation of Peltier coolers. A single one-dimensional 
nanostructure cannot carry high enough current for thermoelectric applications, thus synthesis 
of dense, conductive nanostructure arrays is critical for ultimately realizing the benefits of 
nanostructured components in thermoelectric devices. Template-based synthesis offers a 
convenient way to fabricate periodically aligned nanostructure arrays with uniform diameters. 
In the present study Bi2Te3 and Sb2Te3 nanowires or nanotubes had been fabricated by 
electrodeposition and characterized for the development of nanostructured bulk 
thermoelectric cooler. The next few sections will be focused on the basics of electrodeposition, 
electrolyte preparation (using Rota Hull-Cell), template based synthesis.  
3.2 BASIC CONCEPTS OF ELECTRODEPOSITION 
Electrodeposition of metals or alloys involves the reduction of metal ions from aqueous, 
salt solutions. It is performed in a liquid solution called an electrolyte, otherwise referred to as 
the "plating bath". The bath is a specially designed chemical solution that contains the desired 
metal,M , dissolved in an ionic form from an appropriate salt, +nM . The object that is to be 
plated is submerged into the electrolyte, where it acts as a negatively charged cathode, 
referred to as the working electrode (WE). The positively charged anode completes the electric 
circuit. A power source in the form of a battery or rectifier, which converts AC electricity to 
regulated low voltage DC current provides the necessary current/potential. In the case of 
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potential control, the deposition at the cathode is controlled with respect to a standard 
potential, the reference electrode (RE). This type of circuit arrangement directs (Figure 3.1) 
electrons, negative charge carriers, into a path from the power supply to the cathode, the 
object to be plated. In the bath, the electric current is carried largely by the positively charged 
ions from the anode(s) towards the negatively charged cathode. This movement makes the ions 
in the bath migrate toward the extra electrons that are located at or near the surface of the 
cathode. In case of a supporting electrolyte, containing an excess of non-reacting ions, theses 
ions primarily carry charge. Thus, migration of the metal ions is typically negligible. By 
electrolysis the metal ions are removed from the solution by reduction and are deposited on 
the surface of the negatively charged object. 
 In its simplest form the reaction in an aqueous medium at the cathode follows the 
equation 3.1, 
                                                         	 


                                                           (3.1)  
 with a corresponding anodic reaction. The deposition reaction presented is a reaction of 
charged particles at the interface between a solid (metal) electrode and a liquid solution. The 
potential  of the / electrode is a function of the activity of metal ions in the solution 
according to Nernst equation (equation 3.2) 
                                                                  	 

 
!                                                         (3.2) 
where, " is the gas constant (8.3144 J K-1 mol-1),  is the absolute temperature, 
 the number 
of electrons, # is the Faraday’s constant (96485 C mol-1), and ! is the activity of the  
ions in the solution. When the activity of a  ion is equal to 1, then  , which is the  
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Figure 3.1 : Schematic of a typical electrodeposition circuit arrangement. 
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standard electrode potential of the / electrode. When a current is passed through an 
electrode, its potential differs from the equilibrium potential ($%), which is the potential when 
the total current is zero. If the applied potential at the electrode is , then the overpotential (η) 
is defined as the difference between the two potentials as in equation 3.3 
                  η=  & $%                                                                      (3.3) 
For large positive values of overpotential, the current density, I, decreases exponentially with 
the overpotential η, the current density, ', is given by equation 3.4 
                                                                 '  &'
()*+
,-
.                                                                  (3.4) 
Large negative values of overpotential yield current densities is given by equation 3.5 
                                                                  '  &'
)*+
,-
.                                                                     (3.5) 
where, ' is the exchange current density, and / is the transfer coefficient. When the 
overpotential becomes zero, there is a constant exchange of charge carriers (electrons or ions) 
across the metal-solution interphase. The rate of the material deposited is based on the current 
efficiency and Faraday’s law. 
3.2.1 Faraday’s Law 
Faraday’s law states that the amount of substance oxidized or reduced is proportional to 
the quantity of electric charge, 0, passed through an electrochemical cell. The mass of the 
substance 1, is given by equation 3.6 
                                                                              1  2

345                                                                (3.6) 
71 
 
where  is the molecular weight of the metal deposited at the cathode,  is the stoichiometric 
coefficient, 
 is the number of electrons transferred, # is the Faraday’s constant, 3 is the 
applied current, 4 is the charging time and 5 is the current efficiency. According to Faraday’s 
law, the production of 1 gram equivalent of a product at the electrode in an electrochemical 
cell requires 96485 coulombs, this constant is termed as Faraday’s constant, #. 
3.2.2 Polarization Curve 
For a particular electrodeposition setup (bath composition, cell and electrode geometry, 
and other factors) the relationship between the voltage and the current of the system is 
represented by a polarization curve. This curve contains useful data about an electrochemical 
system, especially for alloy deposition. Figure 3.2 depicts a sample polarization curve which 
determines the plating characteristics of a particular electrochemical setup. As summarized in 
Figure 3.2, when the applied deposition potential is low, the reduction reaction in under a 
kinetic control regime. The surface concentration of metal ions is approximately equal to the 
bulk concentration, and the reduction rate is dependent on the applied potential in an 
exponential way. The system is under a mixed control of kinetic and mass transport when the 
overpotential increases. As the overpotential becomes larger, the reaction rate increases and 
the surface concentration decreases compared to the bulk concentration, and a concentration 
gradient of metal ions appear on the electrode surface. Finally when the surface concentration 
drops to zero, the mass transport control becomes completely dominant and the concentration 
gradient reaches a maximum, and the reaction rate cannot increase further. This scenario 
describes complete mass transport control and the current where this occurs is called the 
limiting current. The limiting current which establishes maximum rate of reaction is given by  
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equation 3.7,  
                                                                       
6

 7898:
;
                                                                  (3.7) 
where, < is the diffusion coefficient of the deposited metal, => is the bulk concentration of the 
metal ions in the solution, = is the surface concentration of the metal ions and ? is the 
diffusion layer thickness. Ultimately, at limiting current, ==0, the current distribution over the 
cathode is entirely governed by the mass transport and becomes independent of the potential 
distribution in the bulk electrolyte.  The stirring speed increases the limiting current of the 
species. If electroplating is performed at or near the limiting current of a species, as the plating 
progresses, and the depth decreases, the limiting, and plating, current should change. If one is 
performing alloy deposition, then this leads to the very real possibility of non-uniformity of 
plating along the height. For this reason it is ideal to have species of the system under kinetic 
control. 
3.3 CONFIGURING THE ELECTROLYTE 
The alloys of bismuth-telluride and antimony telluride nanostructures (nanowires and 
nanotubes) were chosen as thermoelectric leg elements of the proposed bulk nanostructured 
thermoelectric coolers (TECs). These materials will be electrodeposited into the recesses of 
polycarbonate (PC) template and based on the electrodeposition conditions the geometry of 
the nanostructures is controlled. However, it is essential to determine the process parameters 
of the deposition system. Since achieving the proper composition of the deposit for bismuth 
telluride (Bi2Te3) and antimony telluride (Sb2Te3) was a function of both electrolyte composition 
and current, or potential, used in the deposition process, a rotating Hull cell (Autolab HT Rota-
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Hull, Eco-Chemie B.V., Utrecht, Netherlands) was used to facilitate the process of electrolyte 
optimization. The following sections include the experimental explanation and testing 
procedures on Hull Cell setup (Figure 3.3). 
3.3.1 Experimental Set-up: Rota Hull Cell 
A Rotating Hull cell (Autolab HT Rota-Hull, Eco-Chemie B.V., Utrecht, Netherlands) was 
used to analyze and configure the plating bath solutions (Figure 3.3). The Hull cell is a 
trapezoidal shaped plating cell where the cathode (rotating electrode) is at an angle to the 
anode, which creates a distribution of current along the surface of cathode due to electric field 
effects (primary current distribution). In this plating cell, a local variable current distribution 
along the cathode can be determined from a known average applied current density. This 
means that a range of deposition currents can be tested from a single experiment. The 
apparatus also enables to study the influence of electrode rotation rate which might influence 
the alloy composition. Rota Hull cell experiments, facilitates one to estimate the alloy 
composition with the applied current density. 
A rotating cylinder electrode (cylindrical brass rod of diameter 0.6 cm and height 12 cm) 
acted as the cathode (working electrode) and a platinized titanium mesh as the counter 
electrode (Figure 3.3) which was placed at a distance of 1.5 cm from the bottom of the glass 
electrolyte container. The counter electrode for the Rota Hull Cell was shielded in part from the 
working electrode by an insulating cylindrical separator. The active length of the brass rod was 
8 cm with 0.15 cm2 active surface area. To ensure a clean surface for each run prior to 
deposition brass rods were polished and cleaned. The current flow was facilitated by the 
presence of holes at the bottom of the shield (Figure 3.3). 
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 Figure 3.4 : Rota hull cell scale showing current density factors, decreasing going 
from bottom towards the top. 
Figure 3.3 : Assembled view of rota hull cell apparatus with brass rod (working 
electrode), platinized mesh (counter electrode), polymer shield and teflon cap. 
Counter electrode 
connection 
Rotor  
Brass Rod (WE) 
Polymer Shield 
Platinized Ti Mesh (CE) 
Teflon Cap 
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The current density was subsequently higher at the bottom of the working electrode 
(WE), and gradually decreased towards the top (Figure 3.4). This led to the presence of a 
calibrated ratio of current density along the length of the WE. Figure 3.5 shows the calibration 
curve for the current density along the length of the WE. The average current density, iavg of the 
Hull cell occurred when the ratio of the actual current to the average current equaled unity. The 
i/iavg ratio at all the points of the WE were calculated. The distances were measured from the 
top, along the length of the rotating cylinder. The cylindrical working electrode allowed the hull 
cell to perform under well-defined hydrodynamic conditions and produce non-uniform current 
distributions.  
 Data evaluation for the Rota-Hull cell experiments required compositional analysis along 
the length of the working electrode (brass rod). Alloy deposits were produced galvanostatically 
at room temperature in the cell where composition varied due to the variation of current 
density and is determined using either Energy Dispersive X-Ray Fluorescence (EDXRF) 
Spectrometer (Kevex Omicron) or Wavelength Dispersive Spectrometer (JEOL 733 superprobe 
operated at an accelerating voltage of 15 kV and a probe current of 10 µA). 
3.3.2 Results and Discussion: Rota Hull Cell 
The detailed analysis of the electrodeposition characteristics of the Bi-Te alloys can be 
found elsewhere (M.S. Thesis, Aparna Prabhakar, LSU). To determine the electrodeposition 
characteristics of Sb-Te alloy, rotation rate (A), current density (B) and amount of tartaric acid 
(C) added to the electrolyte, were chosen as parameters. For each of the chosen parameter a 
lower value and a higher value were selected and Rota Hull cell experiments were performed 
for all the combinations. For example, lower value (L) and higher value (H), for rotation rate  
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Exp. No. A B C Visual Inspection 
Avg. Composition 
wt% of Sb wt% of Te 
1 AL BL CL Black color 40 60 
2 AH BL CL Black color 
  
3 AL BH CL Black color 
  
4 AH BH CL Black color 
  
5 AL BL CH Grey color 80 20 
6 AH BL CH Grey color 81 19 
7 AL BH CH Black color 
  
8 AH BH CH Black color 
  
Figure 3.5 : Current density as a function of distance on working electrode (WE), 
where zero represents lower end of WE. 
Table 3.1 : Initial set of rota hull cell experiments performed.  
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were 50 rpm and 450 rpm, for current density they were 100 mA and 1000 mA and for amount 
tartaric acid they were 30 mM and 330 mM, respectively. The amounts of antimony oxide 
(Sb2O3) and tellurium oxide (TeO2) were fixed to 1.6 mM and 0.7 mM respectively. The different 
combinations at which the experiments were performed are given in Table 3.1. The desired 
deposit color was grey in color (as Sb and Te are greyish in color). Based on the visual inspection 
the deposit colors at each condition are mentioned in Table 3.1. The compositions along the 
brass rod (working electrode) were analyzed using an EDXRF on the selected few samples. The 
compositional analysis on the grey colored deposits (Figure 3.6a) yielded ~80 wt% of Sb and ~81 
wt% of Sb with a very little variation with respect to the current densities along the length of 
the brass rod. The desired wt% of Sb to obtain Sb2Te3 is ~39 wt%, the compositional analysis on 
the grey colored deposits suggested that the amounts of either Sb2O3 or TeO2 should be 
manipulated to yield Sb2Te3. Although, a combination of low values of each parameter yielded 
desired wt% of Sb it was not considered due to gritty black colored powdered deposit (Figure 
3.6b). The initial set of experiments suggested that a combination of low current (100 mA) and 
higher amount of tartaric acid (330 mM) were the right parameters to pursue future 
experiments. 
Next set of experiments were performed at low current density, high rotation rates and 
higher amount of tartaric acid by decreasing the concentration of Sb2O3 by four times. The wt% 
of antimony was ~60%, which is far away from the desired wt% of Sb. Based on the dilution of 
oxide powders, further experiments also suggested that the maximum concentration of Sb2O3 
which can be added to a 1L of electrolyte is 3 mM. The next set of experiments which were 
performed with different concentrations of antimony oxide (Sb2O3), tellurium oxide (TeO2) in  
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Figure No. Sb2O3 (mM) TeO2 (mM) 
Tartaric 
Acid (mM) 
Nitric Acid (M) 
3.7 (a) 2 3 330 3 
3.7 (b) 3 1.5 330 3 
3.8 (a) 2.6 2 330 3 
3.8 (b) 2.5 3 330 3 
3.9 (a)  2.3 4.2 330 3 
(a) (b) 
Figure 3.6 : Deposits on a brass rod obtained from rota hull cell experiments, (a) Grey 
colored deposit obtained from conditions 5 and 6 shown in Table 4.1 (b) Black colored 
gritty powdered deposit obtained from condition 1 shown in Table 4.1. 
Table 3.2 : Second set of rota hull cell experiments performed at varying 
amounts of antimony oxide (Sb2O3) and tellurium oxide (TeO2).  
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the presence of tartaric acid and nitric acid are listed in Table 3.2. The compositions of the 
deposits along the brass rod were analyzed using WDS and corresponding variation of wt% of 
antimony with current densities are depicted in Figure 3.7 – Figure 3.9. The desired wt% of 
antimony (Sb) is obtained when the concentration of Sb2O3 and TeO2 were 2.3 mM and 4.2 mm 
respectively. Figure 3.9 (a) shows the variation of the wt% of Sb with the current densities, the 
dotted line in the figure corresponds to the desired wt% of antimony (~39%). Figure 3.9 (b) 
shows the snapshot of the brass rod with grey deposit color. It is concluded from the Figure 3.9 
that when the electrolyte contains 2.3 mM Sb2O3, 4.2 mm of TeO2, 330 mM of tartaric acid and 
3 M of nitric acid, antimony (Sb) and tellurium (Te) could be reduced to yield @A by the 
following reactions, 
                                  BC
 	 DB 	 E   	 FBC                                            (3.8)  
                                   @C 	 FB 	 D  @ 	 DBC                                              (3.9)   
Elemental @ and  are produced from the adsorbed BC
and @C which diffuse towards 
the Au electrode surface by the electric field force. The reduced @ and  atoms then react 
together to form@A, the overall reaction could be the following                                   
                                  DBC
 	 F@C 	 GDB 	 GH  @A 	 HBC                      (3.10) 
Therefore, the rota hull cell experiments had configured the electrolyte for the 
deposition of, Bi2Te3 to be 10 mM of Bi2O3, 10 mM TeO2 and 2.5 mM of HNO3 and Sb2Te3 to be 
2.3 mM Sb2O3, 4.2 mm of TeO2, 330 mM of tartaric acid and 3 M of nitric acid. Rota hull cell 
results in the case of Sb2Te3 suggest that there is very little compositional deviation with 
current density. This might play a role in ensuring compositional uniformity when nanowires or 
nanotubes are deposited along the pore of polycarbonate template.    
81 
 
0
5
10
15
20
25
0 0.5 1 1.5 2 2.5 3
w
t%
 o
f S
b
Current Density Factor(mA/cm2)
0
10
20
30
40
50
60
70
80
90
0 0.5 1 1.5 2 2.5 3
w
t%
 o
f S
b
Current Density Factor(mA/cm2)
0
10
20
30
40
50
60
70
80
90
0 0.5 1 1.5 2 2.5 3
w
t%
 o
f S
b
Current Density Factor(mA/cm2)
0
10
20
30
40
50
60
70
80
90
0 0.5 1 1.5 2 2.5 3
w
t%
 o
f S
b
Current Density Factor(mA/cm2)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 : Compositional wt% of Sb with respect to current density factor (given by rota hull 
cell scale) when the applied average current density was 6.67mA/cm2, (a) Electrolyte 
composition is 2 mM of Sb2O3, 3 mM TeO2, 330 mM tartaric acid and 3 M of HNO3 (b) Electrolyte 
composition is 3 mM of Sb2O3, 1.5 mM TeO2, 330 mM tartaric acid and 3 M of HNO3. 
(a) (b) 
Figure 3.8 : Compositional wt% of Sb with respect to current density factor (given by rota hull 
cell scale) when the applied average current density was 6.67mA/cm2, (a) Electrolyte 
composition is 2.6 mM of Sb2O3, 2 mM TeO2, 330 mM tartaric acid and 3 M of HNO3 (b) 
Electrolyte composition is 2.5 mM of Sb2O3, 3 mM TeO2, 330 mM tartaric acid and 3 M of HNO3. 
(a) (b) 
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Figure 3.9 : (a) Compositional wt% of Sb with respect to current density factor (given by rota hull 
cell scale) when the applied average current density was 6.67mA/cm2, at an electrolyte 
composition is 2.3 mM of Sb2O3, 4.2 mM TeO2, 330 mM tartaric acid and 3 M of HNO3 (b) 
Snapshot of the brass rod with shiny silverish deposit (deposited using an electrolyte 
composition of 2.3 mM of Sb2O3, 4.2 mM TeO2, 330 mM tartaric acid and 3 M of HNO3. 
(a) 
(b) 
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3.4 OVERVIEW OF TEMPLATE DEPOSITION 
Template based synthesis technique had been widely used in the preparation of 
nanofibrils (or nanowires) and hollow tubules (or nanotubes). The pores within the nanoporous 
membranes act as templates for the synthesis of nanostructures (nanowires or nanotubes) of 
desired material [23]. The useful feature of template based synthesis is that it is extremely 
general with regard to the type of material that can be grown. Possin [24] was one of the early 
ones to deposit tin nanowires within a mica film. Later, this technique had been employed 
extensively to grow both nanowires and nanotubes composed of metals [25-30], conductive 
polymers [31-35], semiconductors [36, 37] and other materials. 
The most commonly used templates for nanowire and nanotube deposition are alumina 
and polycarbonate membranes. Alumina membranes have regular hexagonal pores whereas 
polycarbonate track etch membranes have random pore diameter distribution [38]. 
Polycarbonate membranes have a depth of 6-10 µm and porosity of 0.1, as compared to 
alumina membranes which offer a depth of 50-60 µm and porosity of 0.5. Alumina membranes 
are formed by anodizing aluminum using a two-step anodization process [39] and 
polycarbonate track etched membranes are created by bombarding a non-porous sheet of the 
desired material with nuclear fission fragments, and then chemically etching the damaged 
tracks formed, into pores [23]. Although many different techniques including electroless 
deposition [29], hydrothermal synthesis [40], chemical polymerization [41], chemical vapor 
deposition [42] have used template based deposition to fabricate nanowires and nanotubes, 
electrodeposition is by far the most versatile process which allows the growth of large number 
of nanowires or nanotubes uniformly at low cost. 
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3.4.1 Nanowire or Nanotube Fabrication: Template Based Synthesis 
A schematic of nanowires and nanotubes fabrication using electrodeposition technique 
is shown in Figure 3.10. First, a thin layer of gold (Au) is sputtered onto one side of either 
alumina or polycarbonate membrane to render them conductive (Figure 3.10b). The template 
with the conductive gold substrate is given a negative charge and is used as the cathode in the 
electrochemical cell. The unsputtered face of the template is exposed to the electrolyte for 
electrodeposition. A bottom up fill inside the pores is achieved, as the only conductive surface 
is the gold base at the bottom of the pores. At short times, double layer charging causes a large 
current response, which decays very quickly to a steady Faradaic current. Finally, as the wires 
start to overgrow from the pores a mushroom shaped cap is formed resulting in an increase in 
electrode area and hence the current density. The increase in current is used as an end point 
marker during electrodeposition (Figure 3.10c). After the electrodeposition the alumina or 
polycarbonate templates are dissolved in potassium hydroxide (KOH) or methylene chloride 
(CH2Cl2), respectively, to dissolve away the templates leaving behind free standing nanowires or 
nanotubes (Figure 3.10d). Electrodeposition employing mild deposition conditions such as, 
having a temperature close to room temperature and pressure at atmospheric conditions, 
allows fabrication of large numbers of free standing nanostructures. 
A qualitative study of boundary layer growth within a nano-sized pore shows three 
distinct stages [43] as shown in Figure 3.11. At shorter times the boundary layer is small and is 
inside the pores as shown in Figure 3.11a. The diffusion at this stage is linear, characteristic of 
Cottrell equation, as shown by the region I in i vs t-1/2 plot in Figure 3.12. At larger times, 
hemispherical boundary layer is formed outside the pores resulting in linear diffusion inside the  
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Figure 3.10: Schematic of nanowire or nanotube fabrication process using 
template based deposition, (a) Isometric view of porous template (b) Sectional 
side view of the template with sputtered gold (c) Template after performing 
electrodeposition (d) Free standing nanowires or nanotubes after the template 
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Figure 3.11: Boundary layer in recessed nanoelectrodes at (a) short time (b) intermediate 
time and (c) long time. 
(a) (b) (c) 
t-1/2 
i I 
II 
III 
Figure 3.12: Current density vs t-1/2 showing the three different transport regime. 
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pores and radial diffusion outside the pores (Figure 3.11b). The radial diffusion regime is 
characterized by region II in Figure 3.12, represented by a straight line with a non-zero 
intercept. Soon, the hemispherical boundary layers overlap and subsequently, the linear 
diffusion regime take over once again as shown in Figure 3.11c. This stage is represented by line 
passing through origin in region III of Figure 3.12 [ref]. 
Nanotubes although similar to electrodeposition of nanowires require a different set of 
conditions to facilitate hollow tubular formation. Various approaches have been used for 
nanotube formation including pore wall modification through the use of templates with anionic 
functional group pore walls [44], selective etching [45], and the use of low current efficiency 
electrolytes [46]. Various metals, alloys and semiconductor nanotubes fabrication have been 
reported with a variety of unique properties. 
3.5 LITERATURE REVIEW: Bi2Te3 AND Sb2Te3 NANOWIRES OR NANOTUBES 
Electrodeposition of Bi2Te3 and Sb2Te3 nanowires within porous templates had been 
performed previously due to their unique and fascinating thermoelectric properties. 
Application of these materials in cooling devices, may cause an increase in device efficiency.  
3.5.1 Bi2Te3 Nanowire or Nanotubes   
A number of studies have established electrodeposition conditions for obtaining a 
compositional and structural control of nanowires, few characterize the resulting figure of merit 
or components thereof. The seminal work of Sapp et al., [16] Prieto et al. [17, 19], Sander et al., 
[18, 20] and Jin et al. [21], demonstrated that high-density single crystalline Bi2Te3 nanowire 
arrays can be electrodeposited within nanoporous membranes. Electrodeposition via 
galvanostatic [16, 21], potentiostatic [17-20] and pulse-potential [47] control were used.   
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A recent computational study by Pinisetty and Devireddy [48] showed that tubular 
nanomaterials are of interest due to their reduced lattice thermal conductivity and strong 
phonon blocking effects that can improve thermoelectric efficiency. Bi2Te3 nanotubes have 
been previously synthesized by different chemical routes, like hydrothermal synthesis [13], 
solvothermal synthesis [9], and low-temperature aqueous chemical method [49], galvanic 
displacement reaction of Ni nanowires [50]. Prior work from our group established conditions 
for the electrodeposition of BiTe nanotubes [51]; although, no characterization studies were 
reported. 
3.5.2 Sb2Te3 Nanowire or Nanotubes 
Very limited number of studies was focused on establishing the electrodeposition 
conditions for the growth of nanowires within the porous templates. Jin et al. [22] was one of 
early ones to electrodeposit Sb2Te3 nanowire arrays within PAAM template at room 
temperature. They established electrodeposition conditions for growing large area, high filling 
rate, ordered Sb2Te3 nanowire arrays. Later Kim et al. [52] reported a growth of polycrystalline 
Sb2Te3 nanowire arrays within an alumina template. Sb2Te3 nanostructures had been fabricated 
in a variety of controlled morphologies, including nanobelts, nanoplates and nanowires. 
However, synthesizing novel fullerene-related structures like nanotubes would be very 
interesting to improve thermoelectric properties [13]. One-dimensional nanotubes are 
expected to yield higher reduction of lattice thermal conductivity due to holey structure 
features and an enhanced phonon blocking effect [9]. Pinisetty and Devireddy [48] have also 
suggested higher reduction of thermal conductivity in nanotubes compared to nanowires. 
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The goal of the present study is to fabricate a bulk nanostructured thermoelectric cooler 
composed of Bi2Te3 (n-type) nanowires or nanotubes and Sb2Te3 (p-type) nanowires or 
nanotubes. So, the focus of the present chapter is on the electrodeposition of the Bi2Te3 and 
Sb2Te3 nanowires or nanotubes within the channels of a gold coated polycarbonate (PC) 
template. Polycarbonate templates had been chosen due to their biocompatibility and lower 
thermal conductivity. The morphology and crystalline structure of the Bi2Te3 and Sb2Te3 
nanowires/nanotubes were characterized. The electrical properties, including the Seebeck 
coefficient and electrical resistance of the Bi2Te3 and Sb2Te3 nanowires/nanotube-
polycarbonate composites were determined as a function of temperature and deposition 
current density.   
3.6 EXPERIMENTAL 
The electrodeposition of Bi2Te3 and Sb2Te3 nanowires/nanotubes was carried out at 
room temperature in a typical three-electrode cell setup. Track-etched polycarbonate (PC) 
(Poretics PCTE, GE Osmonics, Minnetonka, MN) sputtered with gold on one side was used as 
the working electrode. PC templates with average pore diameters of 400 nm and 100 nm were 
used for the fabrication of nanotubes and nanowires, respectively. The gold surface was kept in 
contact with a copper plate held inside a polyetheretherketone (PEEK) stationary holder and a 
circular area of 2 cm2 was exposed to the electrolyte for electrodeposition. A square platinum 
mesh was used as the counter electrode positioned horizontally above the working electrode 
[see Figure 3.13]. An Acumet saturated calomel reference electrode (SCE) was used to record 
the potential at the working electrode [see Figure 3.13]. The reaction cell was a 1000 ml beaker, 
filled with electrolyte, optimized by rota-hull cell experiments (2.3 mM Sb2O3, 4.2 mM TeO2, 
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330 mM of tartaric acid, and 3 M of HNO3), for Sb2Te3 deposition, and (10 mM Bi2O3, 10 mM 
TeO2 and 2.5 M HNO3) for Bi2Te3 deposition [see Figure 3.13]. The electrolyte was magnetically 
stirred during experiments to ensure proper mixing of ions and to prevent depletion of ions 
near the electrode surface. All experiments were carried out with a Princeton Applied Research 
(PAR) potentiostat/function generator. The Sb2Te3 nanowires/nanotubes were galvanostatically 
deposited, and Bi2Te3 nanowires/nanotubes were potentiostatically deposited by using the 
template-based synthesis technique in which an appropriate current/potential is applied to the 
solution causing ions to deposit within the pores of the gold-sputtered PC membrane. 
The composition analysis of the deposited samples was performed with wavelength 
dispersive spectrometry (WDS), using a JEOL 733 super probe operated at an accelerating 
voltage of 15 kV and a probe current of 10 µA. Scanning electron microscopy (SEM) of the 
nanowires/nanotubes was obtained using a JEOL 840A SEM operated at an accelerating voltage 
of 20 kV.  The X-ray diffraction (XRD) patterns were obtained with a diffractometer 
(Bruker/Siemens D5000 X-ray diffractometer, CuKα radiation). 
3.7 RESULTS AND DISCUSSION 
The advantage of the thermoelectric materials Bi2Te3 and Sb2Te3 can be extracted if the 
stoichiometry of the materials is maintained. The stoichiometry (39% Bi and 61% Te [for Bi2Te3] 
and 39% Sb and 61% Te [for Sb2Te3]) is also critical in maintaining the carrier type of the 
materials (i.e. Bi2Te3 to be n-type) and Sb2Te3 to be p-type). Therefore, it is necessary to 
characterize the nanostructures to study the morphology, composition, and crystal structure. 
This section will be focused on the characterization part of the nanowires and nanotubes 
fabricated by electrodeposition.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: Experimental apparatus
nanotubes. Porous membrane 
used as the counter electrode and 
reference electrode.  
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3.7.1 Morphology of Nanostructures 
Figure 3.14(a) and (b) shows the SEM images of the nanowire and nanotube arrays after 
partly removing the polycarbonate templates. Figure 3.14(a) illustrates the typical top view of 
the Sb2Te3 nanowire arrays electrodeposited at a current density of ~10 mA cm
-2. The 
nanowires are arranged regularly, parallel to one another, implying that most of the pores are 
filled. All the Sb2Te3 nanowires have the same height, indicating that the nanowires are 
deposited within the pores at the same rate, which is important for future fabrication of a 
nanostructured device. The average diameter and length of the deposited nanowires were 
found to be ~100 nm and 7 µm, respectively.  
 The use of larger pore diameter PC template of ~400 nm resulted in tubular deposits. 
Figure 3.14(b) depicts the Sb2Te3 nanotubes electrodeposited at a current density of ~5.5 mA 
cm-2. The thickness of the nanotube walls was found to be ~60 ± 3 nm. The formation of a 
nanotube, rather than a nanowire, is attributed to the partial filling of the gold on the bottom 
side walls of the PC template membrane that promotes deposition in that region. Subsequent 
gas evolution, a byproduct of the electrodeposition process performed at current densities 
much higher to the reduction potentials of the materials, possibly restricts further deposition in 
the central regions of the pore, thus promoting a tubular shape [46]; although, this may not be 
the only mechanism responsible for tube formation. It is also observed that the growing rate of 
Sb2Te3 nanotubes is not as uniform as that of the Sb2Te3 nanowires (Figure 3.14(a) and Figure 
3.14(b)). Similarly, Figure 3.15(a) illustrates typical top view of the Bi2Te3 nanowire arrays 
electrodeposited at a lower overpotential of -61 mV vs SCE and Figure 3.15(b) depicts the Bi2Te3 
nanotubes electrodeposited at a higher overpotential of -320 mV vs SCE. 
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(a) 
(b) 
Figure 3.14: SEM images of (a) Sb2Te3 nanowire arrays electrodeposited at ~10 mA 
cm-2 using a polycarbonate (PC) template with an average pore diameter of ~100 nm 
and (b) Sb2Te3 nanotube arrays electrodeposited at ~5.5 mA cm
-2 using a PC template 
with an average pore diameter of ~400 nm. 
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Figure 3.15: SEM images of (a) Bi2Te3 nanowire arrays electrodeposited at ~-61 mV 
using a polycarbonate (PC) template with an average pore diameter of ~100 nm and 
(b) Bi2Te3 nanotube arrays electrodeposited at ~-320 mV using a PC template with an 
average pore diameter of ~400 nm. 
(a) 
(b) 
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3.7.2 Chemical Composition of Bi2Te3 and Sb2Te3 Nanowires or Nanotubes 
The stoichiometry of a material can often times have a significant effect on its 
thermoelectric performance. A composition (wt%) of ~39% Sb and ~61% Te results in an 
effective p-type semiconductor for near room temperature applications [53, 54]. Figure 3.16 
shows the dependence of the Sb2Te3 nanostructures (nanowires (Figure 3.16a) and nanotubes 
(Figure 3.16b)) composition (wt%) on the applied current density. The cathodic current density 
range was selected from 2.75 mA cm-2 to 25 mA cm-2. The dotted line in Figure 3.16 shows the 
desired composition of Sb (~39%). The composition (wt%) of nanowires deposited at a cathodic 
current density of ~10 mA cm-2  was found to be ~38.9 ± 0.6% (Figure 3.16a) whereas in the 
case of nanotubes, deposition at a cathodic current density of ~5.5 mA cm-2  resulted in a 
composition (wt%) of ~39.2 ± 2.6% (Figure 3.15b). Thus, it can be concluded that the desired 
composition of Sb (~39%) is obtained at a current density of ~10 mA cm-2 for nanowires (Figure 
3.16a) compared to that of ~5.5 mA cm-2 for nanotubes (Figure 3.16b). Although depositions at 
an higher current density of ~25 mA cm-2 resulted in a composition (wt%) closer to the desired 
composition, both for nanowires and nanotubes, XRD measurements showed the deposits 
were amorphous. The results indicate that the nanowires and nanotubes deposited at current 
densities of 10 mA cm-2 and 5.5 mA cm-2 respectively, are p-type. Similarly, a composition (wt%) 
of ~39% Bi and ~61% Te results in an effective n-type semiconductor for near room 
temperature applications [53, 54]. The composition (wt%) of Bi within Bi2Te3 nanowires 
deposited at a cathodic potential of ~61 mV  was found to be ~38.8 ± 1.4% whereas in the case 
of Bi2Te3 nanotubes, deposition at a cathodic potential of ~320 mV  resulted in a composition 
(wt%) of ~38.7 ± 1.9%.  
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Figure 3.16: Composition (wt%) of, (a) Sb-Te deposit inside pores of the 
polycarbonate (PC) template with an average diameter of ~100 nm and (b) Sb-Te 
deposit inside pores of the polycarbonate (PC) template with an average diameter of 
~400 nm, as a function of applied current density (mA cm-2). The dotted line depict 
the desired wt% of Sb. 
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 3.7.3 Crystal Structure of Bi2Te3 and Sb2Te3 Nanowires or Nanotubes 
The crystal structure of the deposited nanowires and nanotubes were investigated using 
XRD. Figures 3.17(a) and 3.17(b), respectively show the XRD patterns of Sb2Te3 nanowires and 
nanotubes embedded in a polycarbonate template and deposited at a current density of ~10 
mA cm-2 and ~5.5 mA cm-2. All the peaks except for those indicated with an asterisk (*) are 
indexed to rhombohedral Sb2Te3 (space group: R3m (No. 166)) with lattice constants c= 3.046 
nm and a=0.426 nm (JCPDS card number 65-3678). The peaks marked with an asterisk (*) 
correspond to the gold-coated polycarbonate template. This result indicates that deposits 
(nanowires and nanotubes) are indeed the Sb2Te3 phase.  
In the case of the Sb2Te3 nanowires there is a strong contribution from the (1 0 10) peak 
compared to those of (1 1 0) and (1 0 19) peaks, as depicted in Figure 3.17a. In the case of 
Sb2Te3 nanotubes there are strong contributions from (0 0 9), (0 1 5), (1 1 0) and (0 0 15) peaks 
in comparison to other peaks, as depicted in Figure 3.17b. It can also be observed from Figure 
3.17b that the peaks oriented in (1 1 0) and (0 0 15) are broader than the peaks (0 0 9) and (0 1 
5), indicating that grains in these planes are on average smaller, or subjected to greater lattice 
strain, than grains with other orientations. The XRD patterns of Sb2Te3 nanowire and nanotube 
arrays deposited at higher current density (~25 mA cm-2) suggested that the deposits are 
amorphous, without any crystalline peak (data not shown). On the basis of these results, it can 
be concluded that the fiber texturing of the Sb2Te3 nanowire or Sb2Te3 nanotube arrays can be 
varied with deposition conditions, which is in agreement with earlier studies [20]. 
The lamellar thickness of the Sb2Te3 crystallite nanowires and nanotubes was 
determined by the Scherrer equation, t=λ/Bcos(θ), where t is the thickness (in nm) of the 
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crystallite, λ is the x-ray wavelength (0.154056 nm), B is the peak width (in radians), and θ is 
half of the scattering angle measured from the incident beam. The lamellar thickness of Sb2Te3 
nanowire and nanotube crystallites were 36 ± 10 nm and 43 ± 11 nm, respectively. These 
results suggest that the crystallite size increases with pore diameter. 
Figures 3.18(a) and 3.18(b), respectively show the XRD patterns of Bi2Te3 nanowires and 
nanotubes embedded in a polycarbonate template and deposited at overpotentials of ~-61 mV 
and ~-320 mV. All the peaks except for those indicated with an asterisk (*) are indexed to 
rhombohedral Bi2Te3 (space group: R3m (No. 166)) with lattice constants c= 3.002 nm and 
a=0.442 nm (JCPDS card number 15-863). The peaks marked with an asterisk (*) correspond to 
the gold-coated polycarbonate template. This result indicates that deposits (nanowires and 
nanotubes) are indeed the Bi2Te3 phase. 
In the case of the Bi2Te3 nanowires there is a strong contribution from the (0 1 5) peak 
compared to those of (1 1 0), (1 0 10), (2 0 5) and (0 2 10) peaks, as depicted in Figure 3.18a. In 
the case of Bi2Te3 nanotubes there are strong contributions from (1 1 0) compared to (0 1 5), (1 
0 10), (2 0 5) and (0 2 10) peaks, as depicted in Figure 3.18b. In Figure 3.18 it can be seen that 
the peaks oriented in (2 0 5) and (0 2 10) are broader than all other peaks, indicating that grains 
in these planes are on average smaller, or subjected to greater lattice strain, than grains with 
other orientations. The lamellar thickness of Bi2Te3 nanowire and nanotube crystallites were 26 
± 7 nm and 33 ± 9 nm, respectively. These results suggest that the crystallite size increases with 
pore diameter. Similar observation was made even in the case of Sb2Te3 crystallites. The XRD 
results corroborated well with compositional results suggesting that the nanowire or nanotube 
arrays are indeed in right phases (Bi2Te3 and Sb2Te3). 
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Figure 3.17: XRD pattern of (a) Sb2Te3 nanowire arrays electrodeposited at ~10 mA 
cm-2 using a polycarbonate (PC) template with an average pore diameter of ~100 nm 
and (b) Sb2Te3 nanotube arrays electrodeposited at ~5.5 mA cm
-2 using a PC template 
with an average pore diameter of ~400 nm. 
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Figure 3.18: XRD pattern of (a) Bi2Te3 nanowire arrays electrodeposited at ~-61 mV 
using a polycarbonate (PC) template with an average pore diameter of ~100 nm and 
(b) Bi2Te3 nanotube arrays electrodeposited at ~-320 mV using a PC template with an 
average pore diameter of ~400 nm. 
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3.8 CONCLUSION 
The goal of the study is to fabricate a bulk nanostructured device with Bi2Te3 (n-type) 
and Sb2Te3 (p-type) thermoelectric leg elements. The electrodeposition conditions in controlling 
the morphology of Bi2Te3 and Sb2Te3 nanostructures (nanowires or nanotubes) had been 
established in Chapter 3. The fabricated nanowires or nanotubes are characterized for the 
chemical composition which is one of the critical parameters to maintain the efficacy of the 
materials. The crystal structure studies have corroborated well with the chemical composition 
results to suggest that the right phases had been obtained. It is important to determine the 
thermoelectric properties (Seebeck coefficient, electrical conductivity) of the fabricated Bi2Te3 
(n-type) and Sb2Te3 (p-type) nanowire or nanotube composite arrays, which will be the focus of 
the Chapter 5. 
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CHAPTER 4 
MEASUREMENT OF THERMOELECTRIC PROPERTIES OF Bi2Te3 AND 
Sb2Te3 NANOWIRES OR NANOTUBES
* 
 
4.1 INTRODUCTION 
The goal of the present research is to test the performance of the bulk nanostructured 
thermoelectric device composed of n-type (Bi2Te3) and p-type (Sb2Te3) nanowire or nanotube 
arrays. To check the feasibility for the incorporation of the best Bi2Te3 and Sb2Te3 nanowire or 
nanotube arrays within a bulk thermoelectric device, it is necessary to measure their 
thermoelectric (TE) properties. The properties which are determined for the electrodeposited 
nanowire or nanotube arrays are Seebeck coefficient (S), electrical resistance ( ). Reliable & 
accurate measurement of the S and   is absolutely essential to evaluate the potential for TE 
applications. Seebeck coefficient measurements also yield important information about the 
nature of charge carriers, phase transformation; defect chemistry etc. [1].  
This approach of employing arrays of appropriately doped parallel nanostructures has 
been proposed by various researchers [2-4] but an actual prototype device was first attempted 
by Abramson et al. [3]. Khitun et al. [5] and Hillhouse and Tuominen [4] theoretically predicted 
an increase in figure of merit for nanowire arrays embedded in a matrix. Nonetheless, 
properties of an actual working thermoelectric device composed of either nanowire arrays or 
nanotube arrays are difficult to predict in advance. Therefore, thermoelectric (TE) property 
measurements of nanostructure arrays will provide future direction to any necessary 
improvements, making the possibility of superior thermoelectric devices. 
 
*
Some contents of this Chapter had been published in: 1) D. Pinisetty et al., Acta Mat., 59(2011), 2455-2461, 2) 
D. Pinisetty et al., J. Mat. Chem., 2011, doi:10.1039/C0JM01969K and 3) D. Pinisetty et al., J. Nanotech. Eng. 
Med., 2(2011), 011006 (5 pages). Reproduced by permissions from Royal Society of Chemistry, Elsevier Limited 
and ASME (Refer to Appendix). 
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4.1.1 Literature Review: TE Measurements of Bi2Te3 and Sb2Te3 Nanowires or Nanotubes   
The Seebeck coefficient and electrical resistance is critical to the figure of merit and has 
been reported for electrodeposited Bi2Te3 nanowires. For example, Wang et al. [6] 
characterized the electrical properties of electrochemically deposited p-type Bi2Te3 nanowires, 
from 50 nm alumina templates, and obtained a Seebeck coefficient of 270 µV K-1 at 306 K, 
which is higher than the bulk value at room temperature, and found that resistance decreases 
with increase in temperature, characteristic of a semiconductor. Li et al. [7] reported a similar 
semiconductor behavior with pulsed electrodeposited Bi2Te3 nanowire arrays of both 40 and 60 
nm; the resistance sensitivity decreased with the smaller diameter nanowires. Lee et al. [8] 
compared the growth of Bi2Te3 nanowires, grown by galvanostatic, potentiostatic and pulsed 
electrodeposition within the pores of 40 nm alumina template. They electrically characterized 
the pulse deposited Bi2Te3 nanowires grown at varying relaxation times (10 ms-50 ms) within a 
temperature range of 240 K-470 K. They reported positive Seebeck coefficient values between 
12-33 µV K-1 for different deposition conditions at room temperature. They also found that 
below a temperature of 440 K, Bi2Te3 nanowires exhibited a semiconducting behavior.  
Recent study by Chen et al. [9] reported a negative Seebeck coefficient value of –65 µV 
K-1 at 300 K for Bi2Te3 nanowires grown within the pores of alumina template. Lee et al. [10] 
reported a p-type Seebeck coefficient of 55 µV K-1 at 300 K for Bi2Te3 nanowires grown by 
pulsed electrodeposition. They also reported a power factor of 476.3 µW m-1K-2 which is one of 
the highest reported values for electrodeposited Bi2Te3 nanowires. Wang et al. [11] explored 
the use of MEMS technology in conjunction with electrochemical deposition to fabricate a 
novel TE microgenerator composed of n-type and p-type Bi2Te3 nanowire arrays. They reported 
107 
 
a Seebeck coefficient of 260 µV K-1 and -188 µV K-1 for p-type and n-type Bi2Te3 nanowire 
arrays, respectively, at 307 K. 
Although many studies have reported the measurement of electrical properties of Bi2Te3 
nanowire arrays, one of the early ones to report the thermal properties of 40 nm Bi2Te3 
nanowire/alumina composites using a photothermoelectric technique method was Borca-
Tascuic et al. [12].They estimated that the thermal conductivity along the nanowire axis is an 
order of magnitude lower than the bulk. Ono et al. [13] fabricated a micro tool by 
micromachining for the evaluation of TE properties of low dimensional materials. They tested 
their device by performing measurements on a bundle of Bi2Te3 nanowire arrays prepared by a 
silicon template method. They reported a Seebeck coefficient of 19 µV K-1, an electrical 
resistivity of 0.83 Ω-cm and a thermal conductivity of 40 W-m-1 K-1. All the reported values were 
far below than the bulk values of Bi2Te3 (Seebeck coefficient: 180 µV K
-1, electrical resisitivity: 
0.00095 Ω-cm and thermal conductivity: 1.46-1.61 W-m-1 K-1). Zhou et al. [14] reported the TE 
properties of individual electrodeposited Bi2Te3 nanowires for the first time. They performed 
their measurements using a suspended microfabricated device over a wide temperature range. 
They reported that Seebeck coefficient increased by 15 %-60 % compared to bulk, electrical 
conductivity value was very close to the bulk value and thermal conductivity was 28 %-57 % 
lower than the bulk values.  
Lee et al. [15] determined the memory switching behavior of a device containing Sb2Te3 
nanowires by measuring the current (I)-voltage (V) characteristics. Although TE properties of 
Sb2Te3 films had been reported, to the best of author’s knowledge no systematic study of the 
TE properties of one-dimensional Sb2Te3 nanowires or nanotubes had been reported. 
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4.2 SEEBECK DEVICE FABRICATION 
The two basic experimental techniques for measuring the Seebeck coefficient are the 
integral method and the differential method [16]. In the differential method, which is often 
used to measure the Seebeck coefficient of semiconductors [16], the thermo-emf (V) 
generated is plotted against a small thermal gradient (T). The slope of V vs T gives the 
Seebeck coefficient. Experimental techniques measuring the Seebeck coefficient based on the 
differential method have been well covered in literature. Early studies by Testardi and 
McConnell [17] and Cowles and Dancey [18] have suggested measuring the Seebeck coefficient 
using Chromel-Alumel thermocouple wires. Cowles and Dauncey [18] reported the 
measurement of the Seebeck coefficient at room temperature using a direct potentiometer 
circuit. The circuit used in their study yielded the differential Seebeck coefficient of the 
specimen with respect to the copper probe, as compared to Chromel-Alumel thermocouples 
held at the same temperature gradient. Later, Wood et al. [19] developed a high temperature 
(1900 K) apparatus for measuring Seebeck coefficients of bulk specimens. In their setup the 
temperature gradient was created by using light pulses transmitted via light pipes. Caskey and 
Sellmyer [20] then came up with a new technique for rapid measurement of the Seebeck 
coefficient for rod shaped specimens over a wide temperature range (4.2 to 300 K). The 
technique developed by Caskey and Sellmyer [20] simultaneously measures T and V as the 
temperature gradient is slowly increased. Chaussy et al. [21] designed a cryogenic system to 
measure thermopower, thermal conductivity and electrical resistivity of bulk materials, 
simultaneously over a wide range of temperature between 1.2 and 350 K. Gee and Green [22] 
developed an apparatus to measure the Seebeck coefficient of thick uniform disks and thin 
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films down to 100 nm thickness. The probes employed in the apparatus were smaller than the 
ones employed by Cowles and Dauncey [18]. Smaller probes make the design suitable for 
incorporation into low temperature cryostats. Although the apparatus developed by Gee and 
Green [22] facilitates Seebeck coefficient measurements at room temperature and below room 
temperature for both bulk materials and thin films, the electrical contact between the 
thermocouple and hot probe may lead to spurious results. To improve on this design, Goldsmid 
[23] came up with a modified apparatus of Cowles and Dauncey [18] using a simplified circuit 
and isolating the thermocouple wires from the probe and heat sink. However, the simplified 
apparatus of Goldsmid [23] requires specific resistors to obtain the desired sensitivity over only 
a limited range of Seebeck coefficients. Platzek et al. [24] developed a scanning Seebeck 
microprobe combined with measurement of electric potential along the surface of bulk 
materials. By mounting the probe to a three dimensional micro-positioning system they have 
determined the spatial variation of the Seebeck coefficient. Studies [1,25-27] focused on the 
measurement of the Seebeck coefficient and electrical resistivity of bulk materials over a wide 
range of temperature using a variety of designs that have been well covered in literature. The 
theoretical predictions and experimental studies of Dresselhaus and colleagues [28-31], that 
the reduction in dimensionality enhances the thermoelectric efficiency when compared to bulk 
materials, have since stimulated scientists to focus on the measurement of Seebeck coefficients 
of thin films and nanomaterials 
Burkov et al. [32] describe an experimental setup for the measurement of the Seebeck 
coefficient and electrical resisitivity of bulk materials and thin films for a wide range of 
temperatures (100 K-1300 K). Later, Boffoue et al. [33] developed a fully automated 
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experimental setup for Seebeck coefficient and electrical resistivity measurements for both 
bulk materials and thin films within a temperature range of 77 K to 330 K. The setup developed 
by Boffoue et al. [33] had a combination of accuracy, rapidity, easy sample mounting, and 
greater flexibility with changes in the geometrical dimensions of the sample. Recently, Sarath 
Kumar and Kasiviswanathan [34] reported an experimental setup (using integral method) for 
the measurement of the Seebeck coefficient of thin wires and thin films in the temperature 
range of 300 K to 650 K. 
In section 4.2, an apparatus designed to measure the Seebeck coefficient within a 
temperature range of 120 K – 345 K on bulk materials, thin films and nanowire composites is 
described. The sample holder has been designed to fit inside a commercial cryostat – the 
Physical Property Measurement System (PPMS) manufactured by Quantum Design.  The PPMS 
sample holder consists of a small, round, copper “puck” which fits down inside the cryostat.  
Our Seebeck sample holder has been built on top of this puck.  The uniqueness of the designed 
apparatus is the relative ease with which samples can be changed, as well as the extremely 
accurate temperature control afforded by the PPMS system. The Seebeck coefficient 
measurements were made using the differential method (slope of V vs T). In testing the 
apparatus, the Seebeck coefficients of bulk samples of bismuth-telluride, antimony-telluride 
and Nickel were measured. To prove the flexibility of the device, test measurements were also 
carried out on Nickel thin films and Nickel nanowire composites. 
4.2.1 Apparatus Description 
A photograph snapshot of the apparatus mounted on a PPMS puck is shown in Figure 
4.1. The entire setup is constrained to 5 cm in height with an 11 mm × 13 mm footprint. To  
111 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Snapshot of the measurement setup mounted on a Physical Property 
Measurement System (PPMS) puck. The sample is mounted between two copper 
blocks, one of which acts as a heater and the other as a heat sink. 
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ensure good thermal contact between the sample and the temperature sensors, highly 
conductive (OFHC) copper rods are used to sandwich the sample between them. Using silver 
epoxy (Epotek H20E), differential thermocouples are attached firmly and securely to the copper 
rods. Four resistive heaters are connected in series and are firmly attached on the 
circumference of the upper copper rod acting as a heater. A spring loaded mechanism is 
employed on the top of the heated copper probe. The force exerted can be finely adjusted and 
the sample can be squeezed between the copper rods to ensure good thermal contact. The 
force will be constant during the entire experiments due to spring loading. A support housing 
made of G-10/FR-4 is supported by screws and fixed onto the heat sink (copper base) to add 
rigidity to the setup. 
4.2.2 Experimental 
 Preparation of Bulk Samples 
Bulk samples of Nickel (Ni), Bismuth-Telluride (Bi2Te3) and Antimony Telluride (Sb2Te3) 
were prepared in the form of pressed pellets [35]. Stoichiometric amounts of the powders of 
starting materials are mixed and ground well in an alumina mortar. The mixture is then pressed 
into pellets of 5 mm diameter under 635 MPa pressure using a stainless steel Graseby Specac 
die and hydraulic press. In the case of Bismuth-Telluride (Bi2Te3) and Antimony Telluride 
(Sb2Te3), bulk samples are further prepared by RF induction melting [36]. The sample is placed 
in an alumina crucible which is wrapped with a thin tantalum foil susceptor.  The crucible and 
susceptor are then heated inside an induction coil furnace under ultra-high-purity argon gas.  
RF Induction heating provides reliable, repeatable, non-contact and energy-efficient heat in a 
minimal amount of time. The charge can be melted and then maintained in the liquid state 
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indefinitely, depending on the application requirements. The operating frequency of the RF 
supply is 0-100 KHz.    
 Preparation of Thin Film Samples 
Thin film samples of Ni were prepared by an electroplating technique. The 
electroplating bath consisted of nickel sulfamate (89 gm/L), boric acid (45 gm/L), wetting agent 
(0.3% vol/L) and DI water. Electroplating was performed at a current density of 10 mA/cm2 on a 
silicon wafer sputtered with gold. The deposited film after a deposition time of 1 hr was 
mechanically separated from the wafer and used for the Seebeck coefficient measurement. 
 Preparation of Nanowire Composites 
Nanowire composite samples of Ni were fabricated by electrodeposition [37-50]. 
Electrodeposition was carried out in a typical three-electrode setup. Polycarbonate (PC), 
(Poretics PCTE, GE Osmonics, Minnetonka, MN) nanoporous membrane filters were sputter 
coated with gold on one side and used as a working electrode. The manufacturer specified 
average pore diameter of the PC membrane was ~100 nm, while the thickness was 8 microns. 
The gold surface was kept in contact with a copper plate held inside a polyetheretherketone 
(PEEK) stationary holder and a circular area of 2 cm2 was exposed to the electrolyte for 
electrodeposition. A platinum mesh used as a counter electrode was placed above the working 
electrode. Both the counter and working electrodes were held horizontal in the electrolyte. An 
Acumet saturated calomel reference electrode (SCE) was used to record the potential at the 
working electrode. The reaction cell consisted of a 1000-ml beaker, filled with Nickel sulfamate 
(89 gm/L), boric acid (45 gm/L), wetting agent (0.3% vol/L) and DI water, which acts as an 
electrolyte. The reaction cell was kept inside a water bath maintained at a temperature of 50  
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2 oC, and the electrolyte was magnetically stirred at 320 rpm during the experiments. All the 
experiments were carried out with a VersaSTAT3 potentiostat/galvanostat (AMETEK Princeton 
Applied Research, TN). The Ni nanowires were galvanostatically deposited at a cathodic current 
density of 5 mA/cm2 by using a template-based synthesis technique [51, 52] in which an 
appropriate current was applied to the solution causing the metal to deposit within the pores of 
the gold-sputtered membrane. After deposition, the membrane was dissolved in methylene 
chloride (CH2Cl2) and sonicated for 30 min to release the nanowires. Scanning Electron 
Microscopy (SEM) images of the nanowires were obtained using a JEOL 840A electron 
microscope. 
 Seebeck Coefficient Measurement Procedure 
In order to perform measurements at different temperatures, the Seebeck apparatus is 
placed on a PPMS puck and inserted into the PPMS system. A custom designed temperatue 
control and measurement program, created with LabView software operating on a Dell PC, runs 
the experiment.  Heater current is supplied by a Keithley 220 DC current source, and the 
thermo-emf and differential thermocouple voltage are measured by Keithly 182 
nanovoltmeters and recorded by the PC. 
4.2.3 Results and Discussion 
The bulk samples of Ni, Sb2Te3 and Bi2Te3 were prepared as mentioned in the 
experimental section. The Seebeck coefficient of these samples was then measured using the 
experimental set-up described in the present section. To test the experimental set-up for 
measurement of the Seebeck coefficient of nanowire array composite samples, Ni nanowires 
were fabricated using electrodeposition. Figure 4.2 depicts the typical top view of the Ni  
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Figure 4.2: SEM image of Ni nanowire arrays electrodeposited at ~6 mA cm-2 using a 
PC template with an average pore diameter of ~100 nm and an average length of 6 
microns. 
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nanowire arrays electrodeposited at a cathodic current density of ~6 mA/cm2 using a PC 
membrane with an average pore diameter of ~100 nm. The nanowires have the same height, 
implying they are deposited along the pores at the same rate. 
To demonstrate the accuracy of the measurement system Seebeck coefficient results of 
the semiconductors Sb2Te3 and Bi2Te3 are presented in Figure 4.3. The Seebeck coefficient data 
of Sb2Te3 presented in Figure 4.3 show that the data is positive in the whole temperature range 
investigated, and the values are in good agreement (uncertainity of ± 1.5 µV/K) with the values 
reported by Zhitinskaya et al. [53] along the trigonal crystal axis. Similarly, the Seebeck 
coefficient data of Bi2Te3 presented in Figure 4.3 show that the data is negative in the whole 
temperature range investigated and the values are in good agreement (uncertainty of ± 1.2 
µV/K) with the values reported by Chen et al. [54]. 
In order to validate the measurement system and estimate the accuracy involved in the 
data, measurements were performed on a bulk sample of Nickel. Nickel was an appropriate test 
material, due to its relatively large Seebeck coefficient (~-20 µV/K) among metals. The 
experimental data collected for bulk Ni samples within a temperature range of 200 K- 350 K is 
represented by filled circles in Figure 4.4. The agreement between the Seebeck coefficient 
results of bulk Ni sample obtained in the present study and the literature data [55-57, 32, 33] is 
rather good with an estimated uncertainty of about ± 0.6 µV/K. 
To see the capability of the measurement system on thin films and nanowire array 
composite samples, Seebeck coefficient measurements were performed on Ni thin films and Ni 
nanowire array composites. The experimental data collected for Ni thin films and Ni nanowire 
array composite are represented by filled squares and filled triangles, respectively, in Figure  
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Figure 4.3: Temperature dependence of Seebeck coefficient (µV/K) measured (using 
the experimental setup described in the article) on a Sb2Te3 bulk sample (filled 
circles) and Bi2Te3 bulk sample (filled squares). 
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Figure 4.4: Temperature dependence of Seebeck coefficient (µV/K) measured (using 
the experimental setup described in the article) on a bulk Ni sample (filled circles), Ni 
thin film sample (filled squares) and a Ni nanowire array (filled triangles). 
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4.4. Shapira et al. [56] measured the Seebeck coefficient of an individual Ni nanowire with a 
diameter of 30 nm. They have observed that the absolute value of the Seebeck coefficient of a 
Ni nanowire was lower than that of the bulk sample of Ni. Although the results in the present 
study cannot be directly compared to the results of Shapira et al. [56] (since here an array of 
nanowires was measured) the trend observed was similar. The absolute Seebeck coefficient 
values of the Ni nanowires was lower than that of Ni thin films and bulk Ni samples all 
throughout the measured temperature range of interest. 
4.2.4 Conclusions 
An experimental setup on a PPMS puck that could measure the Seebeck coefficient 
using the PPMS was designed and fabricated. While the device was tested over a moderate 
temperature range, the experimental setup ultimately provides flexibility in the temperature 
range (4 K<T< 350 K), as well as in regard to the sample dimensions. The sample loading is 
relatively easy, and good thermal contacts are achieved by employing a spring-loading 
mechanism. Seebeck coefficient measurements of bulk samples, thin film samples and 
nanowire composites can be performed with the fabricated experimental setup. Based on the 
test measurements performed with bulk samples of Ni, Bi2Te3 & Sb2Te3, the uncertainty 
involved is within 1-2 µV/K. To demonstrate the capability of the experimental setup, Seebeck 
coefficient measurements of thin film samples and nanowire composites of Ni were performed 
and found to be in good agreement with literature values. This device will be employed to 
characterize the Seebeck coefficients of Bi2Te3 and Sb2Te3 nanowire or nanotube array 
composites. Seebeck coefficient measurements of the samples as a function of deposition 
conditions and temperature will be presented in the next sections. 
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4.3 SEEBECK MEASUREMENTS OF Bi2Te3 AND Sb2Te3 NANOWIRES OR 
NANOTUBES 
Arrays of nanowires or nanotubes of Bi2Te3 (n-type) and Sb2Te3 (p-type) thermoelectric 
leg elements are electrodeposited within polycarbonate (PC) templates. The Seebeck 
coefficient measurements are performed for the nanowire/nanotube-PC template composites 
Figure 4.5 shows the room temperature Seebeck coefficient dependence Sb2Te3 nanowire or 
nanotubes on the applied current density. It can be observed from Figure 4.5 that the 
nanowires deposited at a current density of ~10 mA cm-2 yield a Seebeck coefficient value of 
359 ± 11 µV K-1 (Figure 4.5a), and the nanotubes deposited at a current density ~5.5 mA cm-2  
yield a Seebeck coefficient value of 332 ± 12 µV K-1 (Figure 4.5b). These Seebeck values are 
much higher than those commonly measured for bulk Sb2Te3 (~79 µV K
-1) [53, 58]. The positive 
Seebeck coefficient values indicate that the nanowires and nanotubes are p-type, corroborating 
the composition results shown in Figure 4.16. The enhancement of the Seebeck coefficient 
values for the nanowires and nanotubes may be due to the single-carrier effect in 
nanostructures at the optimum stoichiometric ratio of 39 wt% Sb and 61 wt% Te obtained 
(refer to Figure 4.16) at the aforementioned current densities (~10 mA cm-2  for nanowires and 
~5.5 mA cm-2  for nanotubes). 
The Seebeck coefficient value for Sb2Te3 thin films was previously reported to be ~185 
µV K-1 [59]. The results obtained suggests that the Seebeck coefficient of either Sb2Te3 
nanowires or Sb2Te3 nanotubes is approximately three times higher than the Sb2Te3 bulk value 
and two times higher than that of Sb2Te3 films. The enhanced Seebeck coefficient in Sb2Te3 
nanowires or Sb2Te3 nanotubes may be possibly related to the increase in difference between 
the Fermi level and the average mobile carrier energy [58]. Figure 4.6 shows the temperature  
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Figure 4.5: Seebeck coefficient of, (a) Sb2Te3 nanowire arrays deposited using a 
polycarbonate (PC) template with an average pore diameter of ~100 nm and (b) Sb2Te3 
nanotube arrays deposited using a PC template with an average pore diameter of ~400 
nm, as a function of applied current density (mA cm-2). The dotted line shows the bulk 
Seebeck coefficient value of Sb2Te3. 
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Figure 4.6: Temperature dependence of the Seebeck coefficient for (a) Sb2Te3 nanowire 
arrays electrodeposited at ~10 mA cm-2 using a polycarbonate (PC) template with an 
average pore diameter of ~100 nm and (b) Sb2Te3 nanotube arrays electrodeposited at 
~5.5 mA cm-2 using a PC template with an average pore diameter of ~400 nm. 
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dependence of the Seebeck coefficient of the Sb2Te3 nanostructures from 120 K to 320 K. The 
absolute value of the Seebeck coefficient decreases almost linearly with decreasing 
temperature, demonstrating the diffusive nature of current flow. 
Figure 4.7 shows the room temperature Seebeck coefficient dependence of Bi2Te3 
nanowire or nanotubes on the applied deposition potential. It can be observed from Figure 4.7 
that the nanowires deposited at a current density of ~-61 mV yield a Seebeck coefficient value 
of -118 ± 3.6 µV K-1 (Figure 4.7a), and the nanotubes deposited at a current density ~-320 mV  
yield a Seebeck coefficient value of -143 ± 4.3 µV K-1 (Figure 4.7b). These Seebeck values are 
lower than those commonly measured for bulk Bi2Te3 (~-181 µV K
-1) [60]. The negative Seebeck 
coefficient values indicate that the nanowires and nanotubes are n-type, corroborating the 
composition results presented in Chapter 4. The thermopower of the nanowires or nanotubes 
is essentially measured in parallel to the polycarbonate (PC) template i.e. they both are under 
the same temperature gradient. Our studies have indicated that no measurebale 
thermoelectric voltage is developed across the empty template. Intriguingly, the Seebeck 
coefficient values are lower than bulk bismuth telluride values, may be due to the adverse 
contribution from the polycarbonate template, which has a very high surface resistivity. 
4.4 ELECTRICAL RESISTANCE OF Bi2Te3 AND Sb2Te3 NANOWIRES OR NANOTUBES 
Figure 4.8 shows the variation of electrical resistance (R) as a function of temperature 
for the Sb2Te3 nanowires (Figure 4.8a) and Sb2Te3 nanotubes (Figure 4.8b). The temperature 
range was chosen from 120 K to 300 K to evaluate the performance of Sb2Te3 nanostructures, 
which is a range typically suited for thermoelectric applications. It can be observed from Figures 
4.8(a) and 4.8(b) that the electrical resistance decreases with increasing temperature, and  
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Figure 4.7: Seebeck coefficient of, (a) Bi2Te3 nanowire arrays deposited using a 
polycarbonate (PC) template with an average pore diameter of ~100 nm and (b) Bi2Te3 
nanotube arrays deposited using a PC template with an average pore diameter of ~400 
nm, as a function of applied deposition potential (mV).  
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exhibits a negative temperature coefficient of resistance (TCR), i.e. a typical semiconductor-like 
character for both the Sb2Te3 nanowires and Sb2Te3 nanotubes. From Figures 4.8(a) and (b) one 
can obtain the TCRs of the Sb2Te3 nanowires and Sb2Te3 nanotubes, which are about -0.016 K
-1 
and -0.025 K-1, respectively. The TCR of the Sb2Te3 nanotubes is smaller than that of Sb2Te3 
nanowires, indicating that the nanotubes, for which electrical transport is expected to happen 
only through its thickness, have lower resistance sensitivity to temperature. The near linearity 
of the dependence of ln (R) on 1/T shown as insets in Figure 8(a) and (b) confirms the 
semiconducting behavior of the Sb2Te3 nanowires and Sb2Te3 nanotubes within the chosen 
temperature range. 
Figure 4.9 shows the variation of electrical resistance as a function of temperature for 
the arrays of Bi2Te3 nanowires or nanotubes.  It has been observed that the electrical resistance 
of nanowires and nanotubes decreases with increase in temperature within the experimental 
testing range (120 K-320 K). It shows, at least qualitatively, a typical semiconductor-like 
behavior or a negative temperature coefficient of resistance (TCR). The TCRs calculated from 
Figure 4.9 for nanowires and nanotubes are -4.5 x 10-3 K-1 and -5.9 x 10-3 K-1, respectively. The 
TCR of the Bi2Te3 nanotubes is smaller, compared to that of Bi2Te3 nanowires. The linear part of 
the ln(Electrical Resistance) vs 1/Temperature plot is shown in the inserted figure. The band 
gap energy of bulk BiTe at room temperature is 0.15 eV [61, 62], whereas for those of bismuth 
oxide and tellurium oxide films is 2.8 eV [63] and 3.75 eV [64]. It is found from the band gap 
calculations that, the electronic band structure of the Bi2Te3 nanowire or nanotubes had been 
suppressed due to the change in the physical dimensions and the geometry of the material, or 
to the native oxide that forms on its surface. 
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Figure 4.8: Temperature dependence of the electrical resistance (R) for (a) Sb2Te3 nanowire 
arrays electrodeposited at ~10 mA cm-2 using a polycarbonate (PC) template with an average 
pore diameter of ~100 nm and (b) Sb2Te3 nanotube arrays electrodeposited at ~5.5 mA cm
-2 
using a PC template with an average pore diameter of ~400 nm. The insets are plots of ln (R) 
versus T-1. 
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Figure 4.9: Temperature dependence of the electrical resistance (R) for (a) Bi2Te3 nanowire 
arrays electrodeposited at ~-61 mV using a polycarbonate (PC) template with an average 
pore diameter of ~100 nm and (b) Bi2Te3 nanotube arrays electrodeposited at ~-320 mV 
using a PC template with an average pore diameter of ~400 nm. The insets are plots of ln (R) 
versus T-1. 
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4.5 CONCLUSIONS 
The Seebeck coefficient and electrical resistance of Bi2Te3 and Sb2Te3 nanowire or 
nanotube/PC composite arrays were measured. The positive Seebeck value of Sb2Te3 and the 
negative Seebeck value of Bi2Te3 confirmed that the materials are p-type and n-type, 
respectively. This result corroborates well with the chemical composition results presented in 
Chapter 4. At the right chemical composition of either nanowires or nanotubes, enhancement 
in the Seebeck value had been observed. The electrical resistance results had confirmed that 
the two materials dealt in this study (Bi2Te3 and Sb2Te3) are semiconductors. After the 
measurements of the Seebeck coefficients as a function of electrodeposition conditions, the 
samples which yielded the best values will be used as n-type and p-type leg elements within the 
bulk nanostructured TE device. Chapter 6 will be focused on the determination of ZT, of the 
device composed of n-type (Bi2Te3) and p-type (Sb2Te3) nanowire or nanotube arrays. 
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CHAPTER 5 
MEASUREMENT OF   : BULK THERMOELECTRIC DEVICE COMPOSED 
OF Bi2Te3 OR Sb2Te3 NANOWIRES AND NANOTUBES 
 
5.1 INTRODUCTION 
Thermoelectric (TE) properties (Seebeck coefficient and electrical resistance) of the 
Bi2Te3 and Sb2Te3 nanowires or nanotubes were determined (refer Chapter 4). The 
electrodeposition conditions which yielded the best TE properties were known (refer Chapter 
4). A bulk TE device could be fabricated using the best, Bi2Te3 nanowire or nanotubes (for n-
type) and Sb2Te3 nanowire or nanotubes (for p-type). It is necessary to determine the 
thermoelectric figure of merit (  ) to estimate the performance of such a device in cooling 
applications. So, the focus of the present chapter will be to describe the fabrication of bulk 
device composed of Bi2Te3 and Sb2Te3 nanowire or nanotube arrays within a PC template and 
then determine the    of such a device. To determine    of the device a direct measurement 
technique “Harmans Technique” [1-3] which is a simple and cost effective method was used. 
5.1.1 Harmans Technique 
In a typical Harmans technique, for measurement of ZT, a DC current is first applied to 
the thermoelectric sample. Due to the Peltier effect a temperature difference is established 
across the thermoelectric material which in turn establishes a Seebeck voltage (VS) against the 
flow of the current. The total voltage across the sample is the sum of electrical voltage (VR) of 
Ohm’s law and Seebeck voltage, as shown in Figure 5.1. When the current is turned off, the 
electrical voltage disappears instantaneously, while the Seebeck voltage drops slowly because 
of the heat dissipation and heat capacity of the materials. The ratio of VS and VR provides   .  
134 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vtotal 
VS 
iR 
Thermal 
relaxation 
current=0 
   
  
         
 
0 
time 
Figure 5.1: Illustration of Harmans Technique,  VS stands for Seebeck voltage and 
Vtotal is the sum of see beck voltage and electrical voltage (Taken from [4]). 
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5.2 LITERATURE: MEASUREMENT OF    USING HARMANS TECHNIQUE 
Harmans method is direct measurement technique which had been used earlier to 
determine    of devices composed of thin films and nanowires [4-7]. For example Singh et al. 
[5] utilized Harmans technique to determine the    of a TE device composed of InGaAlAs 
semiconductor with embedded ErAs nanoparticles (20 µm thick). Menke et al. [4] measured the 
   of a 200 nm diameter Bi2Te3 nanowires using Harmans method. They measured a    
ranging from 0 to 0.82 for variety of Bi2Te3 samples. However, they witnessed higher    (i.e. 
above 0.2) for only 5 % of nanowire samples. Keyani et al. [7] electrodeposited Bi-Sb nanowires 
within a porous alumina template. Using nanowire/alumina composite as an n-type element 
and bulk BiSbTe as a p-type they assembled a hybrid nanowire-bulk thermoelectric device. They 
found    of the hybrid couple to be 0.12. Iwasaki et al. [8] fabricated a measurement system 
which is an improvement of the Harmans method. Unlike to Harmans method, the new 
improved measurement system measures thermal heat flow, Seebeck coefficient and resistivity 
of bulk materials. 
5.3 APPARATUS DESCRIPTION: HARMANS TECHNIQUE 
The apparatus used to measure    is a custom built design, fabricated at Department of 
Physics and Astronomy, LSU. A photograph snapshot of the apparatus is shown in Figure 5.2. 
The samples (n-type and p-type) are loaded by manganin wires with 0.02Φ mm in diameter and 
are put in vacuum in order to make sufficient adiabatic condition. The attachment of the wires 
to the TE samples is shown in Figure 5.3. The wires are connected to the sample by using silver 
epoxy (Epotek H20E). In order to maintain a sufficiently isolated condition to have precise    
measurement, a thermal radiation shield is also setup. A custom designed temperatue control  
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Figure 5.3: Schematic of a bulk nanostructured TE device with connections to 
measure    by using ‘Harmans Technique’. 
Manganin Wires 
Sb2Te3 
nanostructure
s 
Gold 
Coating 
Cu strip 
Bi2Te3 
nanostructure
s 
Figure 5.2: Snapshot of the device used to measure    (based on ‘Harmans Technique’). Bi2Te3 
and Sb2Te3 composite array of nanostructures are attached to copper tape and manganin 
wires are attached by using epoxy tape. 
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and measurement program, created with LabView software operating on a Dell PC, runs the 
experiment.  Heater current is supplied by a Keithley 220 DC current source, and the thermo-
emf and differential thermocouple voltage are measured by Keithly 182 nanovoltmeters and 
recorded by the PC. All the measurements were performed at room temperature. 
5.4 RESULTS 
The Harmans method was used to determine    of the bulk nanostructured device 
composed of Bi2Te3 (n-type) and Sb2Te3 (p-type) nanowires or nanotubes. All the combinations 
under which the measurements were performed are shown in Table 5.1. The schematic of the 
bulk nanostructured device is shown in Figure 5.3. The nanowires or nanotubes are fabricated 
at the electrodeposition conditions which yielded the best thermoelectric properties (refer to 
Chapter 4). When the nanowires or nanotubes are deposited within a gold sputtered PC 
template they are over-deposited such that they form a thin film on the top of the substrate. 
Individually n-type nanowires or nanotubes and p-type nanowires or nanotubes are attached to 
a copper tape and assembled into a bulk TE device. The electrical junction required between n-
type and p-type structures is served by the copper tape. When the current is passed through 
the manganin wires, it is expected to pass through the nanowires or nanotubes via the film and 
a thermoelectric response should be generated. Figures 5.4-5.7 depict the voltage response of 
the bulk nanostructured TE device composed of n-type nanowires or nanotubes and p-type 
nanowires or nanotubes. In Figure 5.4-5.7, Seebeck voltage (VS) and electrical voltage (VR) is 
shown. The ratio between VS and VR gives us the   . The    calculated for all the combinations 
in the bulk nanostructured device is shown in table 5.1. It is observed that a combination of 
Bi2Te3 nanowires as n-type and Sb2Te3 nanotubes as p-type yielded the best    at 300 K.   
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TE Device 
Bi2Te3 
(n-type) 
Sb2Te3 
(p-type) 
ZT 
1 Nanowires Nanowires 0.11 
2 Nanotubes Nanotubes 0.31 
3 Nanowires Nanotubes 0.4 
4 Nanotubes Nanowires 0.22 
Table 5.1: TE devices fabricated using Bi2Te3 (n-type) and Sb2Te3 (p-type) nanowires 
or nanotubes to measure    by using ‘Harmans Technique’ at room temperature. 
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Figure 5.4: Voltage response with respect to time from the sample composed of n-type 
nanowires and p-type nanowires based on ‘Harmans Technique’. VS stands for the 
Seebeck voltage and VR stands for electrical voltage. The ratio between VS and VR gives 
us the    of the bulk nanostructured device 
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Figure 5.6: Voltage response with respect to time from the sample composed of n-type 
nanowires and p-type nanotubes based on ‘Harmans Technique’. VS stands for the 
Seebeck voltage and VR stands for electrical voltage. The ratio between VS and VR gives 
us the    of the bulk nanostructured device 
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Figure 5.7: Voltage response with respect to time from the sample composed of n-type 
nanotubes and p-type nanowires based on ‘Harmans Technique’. VS stands for the 
Seebeck voltage and VR stands for electrical voltage. The ratio between VS and VR gives 
us the    of the bulk nanostructured device 
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5.5 CONCLUSIONS 
A bulk nanostructured TE device composed of Bi2Te3 (n-type) and Sb2Te3 (p-type) 
nanowires or nanotubes is assembled on a copper tape. The thermoelectric figure of merit (  ) 
is calculated by a direct measurement technique [Harmans Technique].    is determined for 
the bulk nanostructured TE device composed of all the combinations of n-type nanowires or 
nanotubes and p-type nanowires or nanotubes. It is observed from the measurements that a 
bulk TE device composed of Bi2Te3 nanowires and Sb2Te3 nanotubes yielded the best    of 0.4 
at room temperature.  
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
6.1 CONCLUSIONS 
The motivation of the present study was to fabricate, characterize, model and then test 
the performance of a bulk thermoelectric cooler composed of nanowires or nanotubes. The 
major challenges which were included are: 1) To choose the best thermoelectric materials for 
near room temperature applications. 2) Model the nanowires or nanotubes for the reduction of 
thermal conductivity and then estimate its performance when assembled into a thermoelectric 
device. 3) To choose a low cost effective method for the fabrication of nanowire or nanotube 
arrays. 4) Optimize the fabrication technique to yield the best thermoelectric materials. 5) 
Characterize the fabricated nanowire or nanotube arrays for the composition and crystal 
structure as, such properties have significant impact on materials performance. 6) Measure the 
electrical properties (Seebeck coefficient and electrical resistance) of the fabricated nanowire 
or nanotube arrays. 7) Assemble the individual nanowire or nanotube arrays into a bulk device 
and determine the thermoelectric figure of merit (𝑍𝑇). 
All the aforementioned challenges were dealt in the present work and the performance 
of the bulk nanostructured TE device composed of nanowires or nanotubes is determined. The 
best thermoelectric materials for near room temperature applications found from the literature 
were, Bi2Te3 for n-type and Sb2Te3 for p-type. A superlattice thermal conductivity model 
originally developed by Dames and Chen was used to determine the reduction of thermal 
conductivity within Bi2Te3 and Sb2Te3 nanowires or nanotubes. It was found that nanotubes 
yielded a better reduction in thermal conductivity when compared to nanowires. Lumped 
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parameter model was used to determine the performance of a thermoelectric (TE) device with 
nanowires or nanotubes. The lumped parameter model results also suggested that nanotubes 
with lower thickness values would yield a better performance compared to nanowires with a 
diameter equal to thickness of the nanotube. Arrays of Bi2Te3 and Sb2Te3 nanostructures were 
fabricated within a polycarbonate (PC) template by electrodeposition. The morphology of the 
nanostructures (nanowires or nanotubes) was found by SEM. The electrodeposition conditions 
were optimized by finding composition (using WDS) of the nanowire or nanotube arrays, as a 
function of electrodepsoition conditions. The crystal structures of the nanowire or nanotube 
arrays which had the right composition were characterized by XRD to reconfirm that the 
material obtained is either Bi2Te3 or Sb2Te3. The Seebeck coefficient was determined as a 
function of the electrodeposition conditions. It is observed that the electrodeposition 
conditions which yielded the right composition (i.e. Bi:Te and Sb:Te in a ratio of 2:3) also 
yielded the higher Seebeck coefficient. The sign of the Seebeck coefficient confirmed the carrier 
type, Bi2Te3 was found to be n-type and Sb2Te3 was found to be p-type. The electrical resistance 
measurements confirmed the materials to be semiconductors. 
The best Bi2Te3 and Sb2Te3 nanowire or nanotube/PC composite arrays were used to 
assemble a thermoelectric (TE) device. The thermoelectric figure of merit (𝑍𝑇) of the assembled 
bulk nanostructured device is determined by “Harmans Technique” at room temperature. It is 
observed that a bulk TE device which is composed of Bi2Te3 nanowires and Sb2Te3 nanotubes 
yielded a 𝑍𝑇 of 0.4 at room temperature. To realize the application of the bulk nanostructured 
thermoelectric cooler for various cooling applications and compete with commercially available 
cooling devices, further work is definitely needed. 
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6.2 RECOMMENDATIONS FOR FUTURE WORK 
The performance of the bulk nanostructured thermoelectric (TE) cooler had to be 
improved before great strides can be made to benefit various biotechnology and 
nanotechnology applications. This dissertation reported on research covering the fabrication of 
nanowires or nanotubes that in one or more spatial dimensions range from nanometers to 
microns and assemble them into a TE device. However, significant amount of work still needs to 
be done for the bulk nanostructured thermoelectric coolers to compete with commercial 
cooling devices. The present section provides few recommendations for future work which 
could improve the performance of such devices. Even a marginal improvement can have 
enormous impact on their future application in a variety of industries. 
A better model to predict the thermal conductivity reduction could be developed 
accounting for the coherent transport of phonons and specular scattering. Developing a model 
based on boltzman’s heat transport equations instead of making approximations to a 
superlattice structure could yield a better accuracy to the solution. Scaling up the nanowire or 
nanotube arrays by using large templates in electrodeposition technique could yield a better 
cooling performance. To have a better control on the diameter of the nanowires or nanotubes 
either self-prepared template could be used (instead of commercially available templates) or 
other low cost fabrication techniques could be explored. Lower diameter nanowires or 
nanotubes ( of the order ~1-10 nm) could be fabricated to achieve significant improvement in 
the cooling performance, due to higher quantum effects. Modeling results presented in the 
dissertation need to be validated experimentally. New materials can be tried as n-type and p-
type by doping Bi2Te3 and Sb2Te3 with materials like Se, Pb, Ag, Sb. Thermal conductivity of the 
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nanowire or nanotube arrays need be determined experimentally and 𝑍𝑇 should be estimated 
by individually measuring the thermoelectric properties instead of using a direct measurement 
technique, such as “Harmans Technique”. A multistage device could be fabricated to 
significantly enhance the cooling efficiency of the nanostructured thermoelectric cooler. Finally, 
nanostructured thermoelectric cooler could be tested with actual biological systems to check 
the suitability of such devices for localized control of temperatures. 
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